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Abstract

The 8B solar neutrino 
ux( Erecoil electron � 6.5MeV ) i s measured by Super-Kami ok ande
based on 306. 3-day data from Ma y 31, 1996 to June 23, 1997.The total number of recoi l
el ectrons scattered by 8B sol ar neutri nos detected duri ng the detector l i ve days amoun ts to
4395+114

�108(stat:)
+444
�154(syst:) events: The observed 8B neutri no 
ux i s2:44�0:06(stat: )+0 :25

�0:09(syst:)
[�106cm�2s�1]; whi ch shoul d be compared wi th the standard sol ar mo del predi cti on(BP95)[ 9 ]
6:62+0 :93

�1:12(theo:)[�10
6cm�2s�1]; The rati oof the observed 8B sol ar neutri no 
ux to the expected


ux (BP95) i s 0:368+0 :010
�0:009(stat: )

+0 :037
�0:013(syst:)

+0 :062
�0:052(theo: ) The measured 8B sol ar neutri no 
ux i s

consi stent wi th the KAMIOKANDE-I I & III resul tswi thi n 1 �, and the de�ci t i n the 8B sol ar
neutri no 
ux( sol ar neutri no puzzl e ) i s con�rmed.

Neutri no osci l l ati oni s prop osed as a pl ausi bl e expl anati on for the sol ar neutri no puzzl e and
possi bl e MSW sol uti ons are exami ned usi ng the 306. 3-day Sup er-Kami ok ande data. A new
regi on i s excl uded f rom the currentl y al l owed regi on on the (si n2 2�, �m2) pl ane. A future
prospect i s di scussed, too.
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Chapter 1

Introduction

The origin of the stellar evolution is, as well kno wn, the nuclear fusion pro cesses in the pp

chain and the CNO cycle whic h Fig.1.1 and 1.2 demonstrate. As sho wn in these �gures, some

p-p I

p-p II

99.75% 0.25%

86%

14%

0.02%

p D+ p + + νee+

p+ +D He3 γ

α p+ +He3
He3 2 He4He3 Be7+ + γ

γ+ +Be7 p B8
e- νe+ +Be7 Li7

e+ νe+ +B8 *B8

e-p p+ ++ D νe

2αBe 7 e-+

2αB8 *

p-p III

Figure 1.1: Proton-proton chain

reactions emit an electron neutrino( �e). Hence, the exp erimen tal detection of neutrinos whic h

come from the Sun, the nearest main-sequence star, is a direct evidence for the nuclear fusion

pro cesses occurring in the Sun.

Optical observ ations of the Sun ha ve con tinuously pro vided a lot of information on its surface

and the theory of the Sun has been dev elop ed with the information. The theory is called

Standard Solar Model ( SSM ), and it was extensiv ely dev elop ed in 1950s and 1960s as precise

optical measuremen ts became available. Ho wever, SSM has been impro ved con tinuously over

past decades stim ulated by solar neutrino measuremen ts as well as by solar seismology .

In the late of 1960s, R.Davis and his collab orators started the �rst pioneering exp erimen t of

the solar neutrino measuremen t in the Homestak e Gold Mine, in Lead, South Dak ota, U.S.A.
In this exp erimen t, they emplo yed an inverse �-deca y reaction �e + 37Cl !

37Ar + e� of

whic h the energy threshold is 0.814 MeV, and coun ted the num ber of generated 37Ar atoms.

Total solar neutrino 
ux in this exp erimen t was predicted to be 7.5 SNU( Solar Neutrino Unit:
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Figure 1.2: CNO cycle
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10�36 captures/target atom/sec )[2], but the observ ed rate during the �rst year of experimen t
was below 3 SNU[3] . Whi le the exp erimen t pro ved that origin of the solar energy generation
was nuclear fusion pro cesses, i t reported an unexp ected de�cit in the solar neutrino 
ux in the
framew ork of SSM. The exp erimen t has been con tinued over 20 years, and the de�cit has been
unc hanged. This de�cit in the solar neutrino 
ux has been cal led \solar neutrino problem".

Appro ximately 20 years later from commencemen t of the 37Cl exp erimen t, the second solar
neutrino exp erimen t cal led \Kamiok ande-I I" was started in Kamiok a mine, Gifu prefecture,
Japan. The detector in its original form was constructed to searc h for nucleon deca ys. After
some impro vemen ts, the detection of solar neutrinos became possible. In this exp erimen t, an
imaging water �Cerenk ov detector with 4,500t of pure water was used, and solar neutrinos above
7.5 MeV, almost al l of whic h come from 8B � deca ys, were detected through a recoi l electron
from neutrino elastic scattering o� an orbital electron in water; � + e� ! � + e�. This was
the �rst exp erimen t whic h had abi l i ty to measure direction and energy of the solar neutrinos in
real time. Therefore, results from Kamiok ande-I I are free from doubt of the neutrino sources.
The neutrino 
ux observ ed inKamiok ande-I I from 1987 to 1990 was only 2.7�106cm�2s�1[4] [5] ,
whi le the prediction 6.62�10 6cm�2s�1[9] . Hence, the previous de�cit in the solar neutrino was
con�rmed.

In 1990s, two other exp erimen ts were started; GALLEX at the Gran Sasso Lab oratory
in Italy, and SAGE at the Baksan Neutrino observ atory in Russia. Both of these Gal l ium
radio chemical exp erimen ts used a neutrino absorption reaction of �e + 71Ga !

71Ge + e
to detect solar neutrinos. The adv antage is i ts low reaction threshold energy of 0.2332 MeV
whic h made the two exp erimen ts sensitive to neutrinos from the pp fusion into deuterium(
Emax=0.42MeV ). The observ ed neutrino 
uxes are

SAGE [16] 69 �10( stat :)
+5
�7

(SNU )

GALLEX [15] 69 :7 �6:7(stat :)
+3 :9
�4:5

(SNU )

(1.1)

The predicted rate for the 71Ga exp erimen t is 137 +8
�7 SNU[9 ] . The solar neutrino 
ux from the

pp and pep reaction is bel ieved to be theoretical ly robust. Solar neutrino de�cit in pp and pep
neutrinos is con�rmed as wel l .

To solve the solar neutrino problem, various theoretical e�orts have been made. These are
classi�ed into two groups; to mo di fy SSM and/or to introduce new neutrino prop erties to the
standard electroweak theory[25 ] of elemen tary particles. Esp ecial ly, among them, the theory of
the neutrino 
avor osci l lations is the most attractiv e[7] . The extension of the theory to neutrino

avor osci l lations inmatter adv ocated original ly by L.Wolfenstein and later appl ied to the solar
neutrino problem by S.P.Mikhey ev and A.Y u.Smirno v predicts the conspicuous neutrino energy
dep endence of the de�cit in the solar neutrino 
ux. This is cal led \MSW solution". The next-
generation exp erimen t \Sup er-Kamiok ande" was started in Apri l , 1996 to mak e it conclusiv e
whether the de�cit i s caused by neutrino osci l lations.

In this thesis, the result on the 8B solar neutrino observ ation in Sup er-Kamiok ande based on
300-da y data is reported in detai l . The curren t status of SSM and of solar neutrino exp erimen ts,
and possible solutions to the solar neutrino problem are describ ed in Chapter 2.

In Chapter 3 and 4, detai l s of the Sup er-Kamiok ande detector and detector cal ibration
are describ ed, respectively. The data analysis i s then detai led in Chapter 5. The results and

3



discussionsare summarized inChapter 6 and 7, respectively, l eading to the conclusion inChapter

8. In addi tion, the event reconstruction metho ds are explained in App endix.
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Chapter 2

Solar Neutrinos

2.1 SSM(Standard Solar Mo del s)

The Sun is the neares ts t arfr om t he Ear t h,and i t i s a typi calmai n-s equences t arwhi ch
gener at esener gi e sby nuc l earf us i onpr oces s es .The over al lr eact i oni sr epr es ent edby

4p ! � + 2e+ + 2�e + 26:73MeV (2. 1)

In ot herwor ds ,f ourpr ot onsar e f us edi nt o one � par t i c l e ,two pos i t r ons ,and two e l ect r on-

neut r i noswi t h a t ot alr e l eas edener gyof 26. 73MeV. Act ual l y, t hi sr eact i ondoes not occur

di r ect l ybut vi as ever alr eact i onchai ns .I na mai n- s equences t ar ,t her eexi s ttwo typesof r eact i on

chai ns ;pp- chai nandCNO cyc l e .Thi s r eact i ons chemes ar eal r eadys hown i nFi g. 1. 1and Fi g. 1. 2,

r e s pect i ve l y. The ma jor r eact i onswhi ch gener at eal mos tal lt heener gy(=l umi nos i ty) i na mai n-
s equences t ars uch as t he Sun i st he pp- chai n. Cont r i but i onf r omt he CNO cyc l et o t he t ot al

s ol arl umi nos i ty i sappr oxi mat e l y1. 5%i nSSM.

As s eeni nFi g. 1. 1,t her ear ef ourpr oces s eswhi ch gener at eneut r i nosi nt hepp- chai n.Neut r i -

nos f r omeach of t hes ef ourpr oces s esar ecal l ed\pp", \pep",\7Be", and \8B" neut r i nosr es pec -

t i ve l y. I naddi t i on,t her ei sanot herpr oces snamed \hep" i nt hepp- chai n,but i ti somi t t eddue

t oi t ssmal lcont r i but i on(0. 00002%) i nt hi st hes i s .The ener gys pect r umof pp and 8B neut r i nos

obey a s t andar dcont i nuous �- decay s pect r umwi t han end poi nt ener gyof 0. 420MeV( pp) and

�16 MeV (8B) , r es pect i ve l y. On t he ot herhand, pep and 7Be neut r i noshave a mono chr omat i c

ener gys pect r umof 1. 42MeV ( pep) , 0. 861MeV ( 90%of 7Be) or 0. 383MeV ( 10%of 7Be) .

Bas i cal l y, cons t r uct i onof SSM i sbas edonmeas ur eds ol arpar amet er s .They ar emeas ur edby

opt i calmet hods and ar es ummar i zedi nTabl e . 2. 1.St andar ds ol armo de l shave beendeve l oped

Par amet er val ue

Phot onLumi nos i ty( L�) 3. 844( 1� 0:004)� 1033 er g� s�1

Mas s (M�) 1. 989� 1030 kg

Radi us ( R�) 6. 96� 108 m

Obl at enes s � 2 � 10�5

Age ( 4. 57� 0. 02)� 109 year

Tabl e2. 1:Meas ur eds ol arpar amet er s
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by a number of theor ist ss i nce1960's ( [8][ 9] [ 12] [ 13] ). In t hi st hes i s ,when one r e f e r st o t he
s t andar ds olarmo de l ,i ti st heone cal cul at edby Bahcal landPi ns onneaul ti n1995[ 9] abbr evi at ed
as \BP95". I ts houl dbe not edt hatt hes ol arneut r i no
uxes cal cul at edby di �er ent s ol armo de l s
ar e i ngood agr eement wi t hi na di �er enceof 2%[ 8] or bet t er ,when t he s ame i nputpar amet er s
ar egi ven.

For cons t r uct i onof SSM, nuc l earr eact i oncr os ss ect i ons ,chemi calabundance ,r adi at i ve opac -
i ty and s ol arcons t ant s ar e t hemos t s i gni �cant i nputpar amet er s .I n cal cul at i on,t he f ol l owi ng
condi t i onsar e as s umed; hydr os t at i cequi l i br i umbetweengr avi t at i onalf or ceand pr es s ur egr a-
di ent , mas s cont i nui ty, ener gycons er vat i on,ener gyt r ans por t at i onby r adi at i onor convect i ve
mot i ons ,ener gygener at i onby nuc l earr eact i ons ,and t hat var i at i onof chemi calabundance i s
a�ect edonl yby nuc l earr eact i ons .Under t hes econdi t i ons ,di �er ent i alequat i onsof s t e l l arevo-
l ut i onmo de l sar e numer i cal l ycal cul at edby i nt egr at i onand i t er at i onunt i la good numer i cal
agr eement i sobt ai nedbetweent he cal cul at edr es ul tand t he obs er vat i on.Fur t her ,i nBP95[ 9] ,
di �us i one�ect sof not onl yhe l i umbut al s oot herheavy e l ement s ar e i nc l uded.

Sol arquant i t i e ss uch as mas s f r act i onsof hydr ogen,he l i um,and ot herheavy e l ement s ,
dens i ty di s t r i but i on,t emper at ur e ,and neut r i no
uxes ar e det ermi nedas a r es ul tof s ol vi ng
t he s t e l l arevol ut i onequat i ons .I n Fi g. 2. 1,2. 2,2. 3,and 2. 4, t emper at ur e ,e l ec t r ondens i ty,
and neut r i noener gydi s t r i but i onand r adi alpr o�l esof t he neut r i no
uxes ar e demons t r at ed
r es pect i ve l y. As s eeni nFi g. 2. 3,t he ener gyof s ol arneut r i nosi s l e s st han 20 MeV, and pp

0
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Fi gur e2. 1:Temp er at ur edi s t r i but i oni nt heSun pr edi c t edby BP95[ 9] SSM.

neut r i nosdomi nat eamong t hem. Al mos t al lt he neut r i noshave ener gi e sl e s st han2MeV, and
t he f r act i oni s�99. 98%. Numer i calval uesof t he s ol arneut r i no
uxes pr edi c t edby BP95[ 9] ar e
l i s t edi nTabl e . 2. 2.

As des cr i bed be f or e ,t he mos t s i gni �cant i nput par amet er si n SSM ar e nuc l earr eact i on
cr os ss ect i ons ,chemi calabundance ,r adi at i ve opac i ty and s ol arcons t ant s .Ther e f or et heor et i cal
uncer t ai nt i e si nt he s ol arneut r i no
ux or i gi nat emai nl yf r omuncer t ai nt i e si nt hes epar amet er s .
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Figure 2.2: Electron densi ty pro�l ei n the Sun predi ctedby BP95[9]. ne and Na represent the
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Fi gure 2. 3: Energy spectrumof sol arneutri nospredi ctedby BP95[ 9 ]
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Figure 2.4: Radial pro�les of solar neutrino 
ux

Neutrino Source Flux(cm �1s�1)

pp 5.91(1.00 +0:01
�0:01)�10

10

pep 1.40(1.00 +0 :01
�0:02)�10

8

7Be 5.15(1.00 +0 :06
�0:07)�10

9

8B 6.62(1.00 +0 :14
�0:17)�10

6

hep 1.21 �10 3

13N 6.18(1.00 +0 :17
�0:20)�10

8

15O 5.45(1.00 +0 :19
�0:22)�10

8

17F 6.48(1.00 +0 :15
�0:19)�10

6

Table 2.2: Neutrino 
uxes predicted by BP95[9 ]. Errors in this table is one �.
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The dependence of the neutrino 
uxes on the i nput parameters can be expressed i nthe power-law
rel ati onsas,

�(pp) / S0:14
11 S0:03

33 S�0:06
34 L0:73

� (Z=X)�0:08(Age)�0:07 (2.2)

�(7Be) / S�0:97
11 S�0:43

33 S0:86
34 L3:46

� R0:22
� (Z=X)0:58(Age )1:3 (2. 3)

�(8B) / S�2:6
11 S�0:40

33 S0:81
34 S1:0

17 L
6:8
� R0:48

� (Z=X)1:3(Age )1:3 (2. 4)

where L� i s the total sol ar l umi nosi ty, R� i s the sol ar radi us, (Z=X) i s the i ni ti alchemi cal
abundance rati oof heavy el emen ts to hydrogen whi c h i s equal to 0. 0245 i nBP95[9 ], Age i s the
sol ar age, and S i s astrophysi cal S- f actorsde�ned by

S = �(E) �E � e2��(E) (2. 5)

�(E) =
2�Z1Z2e

2

hv
(2. 6)

where �(E) i s the cross secti on for the reacti on, �(E) i s the Sommerf el d parameter, v i s the
rel ati ve vel oci ty of two parti cl es i n the i ni ti alstate, Z1 and Z2 are thei r charges, and E i s the
rel ati ve energy. The su�x i and j of Sij represent the atomi c numbers whi c h are i nvol ved i n
the reacti on, f or i nstance, S17 stands for the reacti on 7Be + p !8 B + 
. Then, the S- f actors
used i n BP95[ 9 ] are summari zed i n Tabl e. 2. 3As seen i n Eq. 2. 2, 2. 3, and 2. 4, the pp neutri no

Reacti on (Sij (0)) val ue( eV � b )
1H(p; e+�e)

2H (S11) 3. 89(1�0. 011)�10�19
3He (3He ; 2p)4He (S33) 4. 99(1�0. 06)�106
3He (4He ; 
)7Be (S34) 5. 23(1�0. 032)�102

7Be (p;
)8B (S17) 22. 4(1�0. 093)

Tabl e 2. 3: S- f actors of nucl ear reacti on


ux i s rel ati vel y i nsensi ti ve to al l of the i nput parameters but total sol ar l umi nosi ty. The total
sol ar l umi nosi ty has been measured by several satel l i tes,and i tsuncertai nty i s estimated to be
�0:4%[ 9] . On the contrary, 7Be and 8B sol ar neutri no 
uxes are very sensi ti ve to the i nput
parameters. Furthermore, the neutri no 
uxes al so depend on the temp erature i n the Sun and
the temp erature dependence i s descri bed as

�(pp) / T�1:2 ; �(7Be ) / T 8 ; �(8B) / T 18 (2. 7)

where T i s the temp erature of the sol ar core. The 8B sol ar neutri no 
ux i s very sensi ti ve to i t
compared wi th others. For exampl e, i f i t i s 4% l ower, the 8B neutri no 
ux becomes hal f , whi l e
pp and 7Be neutri no 
uxes become 5% hi gher and 30% l ower, respecti vel y.

2.2 Solar Neutrino Experi ments

Si nce 1968, pri or to Sup er-Kami okande, there have been four sol ar neutri no experimen ts:
Homestak e, Kami ok ande-I I+I II, GALLEX, SAGE. In thi s secti on, these 4 experimen ts are ex-
pl ai ned and recent resul ts f rom these are summari zed.

9



2.2. 1 Homestake Experimen t

The Homestake experimen t i s the �rst pi oneeri ng experimen t to observe solar neutri nos and
i t has been operated si nce 1968 by R.Dai vi s and hi s col l aborators. Thi s experimen t uses the
i nverse �-decay reacti on to detect sol ar neutri nos:

�e + 37Cl ! e� + 37Ar: (2. 8)

The threshol d energy of thi s reacti on i s 0. 814MeV. An 37Ar atom decays i nto 37Cl vi a el ectron
capture and i t rel eases a 2. 82keV Auger el ectron at the decay. The hal f l i f eof 37Ar i s 35days.
In thi s experimen t, they use 3:8 � 105 l i ters( correspondi ng to 615 metri c tons ) of l i qui d
perchl oroethyl ene ( C2Cl 4 ) contai ned i na hori zontal cyl i ndri cal - tank,whi ch i ncl udes 2. 16�1030
37Cl target atoms( natural abundance = 24. 23%) . The 37Ar atoms produced i n the detector
are extracted by hel i um gas bubbl i ng operated every 3 mon ths. Af ter bubbl i ng, the number of
37Ar atoms i s measured by coun ti ng the Auger el ectronwi th a prop orti onal coun ter. In order
to el imi nate cosmi c-ray muons whi c h cause the seri ous bac kground, the detector i s l ocated at a
depth of 1480m underground( 4400m water equi val ent ) i n the Homestak e Gol d Mi ne at Lead,
South Dak ota(U. S.A).

The expected rate i s 9:3+1:2
�1:4 SNU( Sol ar Neutri no Uni t: 10�36 captures/target atom/sec)

f rom SSM of BP95[9 ]. The contri buti on to the 9. 3 SNU from i ndi vi dual neutri no sources i s
summari zed i nTabl e. 2. 4. The Homestak e experimen t i s sensi ti ve to 7Be and 8B sol ar neutri nos.

Neutri no source Cl Ga
(SNU) (SNU)

pp 0. 00 69. 7
pep 0. 22 3. 0
7Be 1. 24 37. 7
8B 7. 36 16. 1
13N 0. 11 3. 8
15O 0. 37 6. 3

Total 9. 3+1 :2
�1:4 137+8

�7

Tabl e 2. 4: Indi vi dual neutri no source contri buti ons to the cal cul ated event rates i n 37Cl and
71Ga experimen ts[ 9] . The error corresponds to 1 �.

The average 
ux measured at the Homestak e experimen t i s

2:55 � 0:14(stat:)� 0:14(sy st: ) SNU : (2. 9)

Thi s resul t i ssi gni �cantl ysmal l er than SSM predi cti on( 9. 3SNU ). Namel y , the rati o,Data/SSM
becomes

0:273 � 0:021 : (2. 10)

Subsequen tl y, the Homestak e experimen t cl aimed possi bl etime vari ati onof the sol arneutri no

ux as i s shown i n Fi g. 2. 5. Several pap ers poi nted out that there mi gh t exi st possi bl e anti -
correl ati onbetween sunsp ot numbers( sol ar cycl e ) and the observed sol ar neutri no 
ux at the
Homestak e experimen t. In Fi g. 2. 5, the time vari ati onof the sunsp ot numbers i s al so overl ayed

10



Figure 2.5: The time vari ati onof the solar neutri no 
ux at the Homestak e experimen t(data
poi nts), together wi ththe time vari ati onof the sunsp ot numbers.

f or compari son. If thi s anti -correl ati onactual l y exi sted, i t woul d impl y new i ntri nsi cprop erti es
of the neutri no, f or exampl e, a �ni temass and/or a l argemagneti c momen t, as the core regi on of
the Sun where the sol ar neutri nos are generated i s though t to be stabl e. Yet, as seen i nFi g. 2. 5,
thi s possi bl e anti -correl ati onma y not be recogni zed si nce 1989. The apparen t time vari ati on
was al so studi ed by Kami ok ande-I I+III, and there was no such evi dence. Thi s wi l l be descri bed
i nSubsecti on. 2. 2. 2.

2.2. 2 Kamiokande II and III

The sol ar neutri no measuremen t by the Kami ok ande-I I detector was started i n January
1987 and ended i n Apri l 1990 for the detector upgrade to Kami ok ande-I II. Af ter upgradi ng
the detector, the measuremen t by Kami ok ande-I II started i n December 1990 and �ni shed i n
February 1995. The Kami ok ande detector i s an imagi ng water �Cerenkov coun ter wi th 4500 tons
of water l ocated about 1000m underground( 2700m water equi val ent ) i n the Mozumi mi ne,
Kami ok a town, Gi fupref ecture, Japan.

The sol ar neutri no measuremen t by Kami ok ande-I I+I II i sbased on neutri no-el ectron el asti c
scatteri ng(�e + e ! �e + e). The detector detects �Cerenk ov l i ght photons radi ated f rom the
recoi l el ectron and i s sensi ti ve to onl y 8B sol ar neutri nos. As descri bed i n Secti on. 2. 4, one
bi g advantage of the detector i s that the di recti on of the i nci dent neutri no can be measured.
Kami ok ande-I I i sthe �rst experimen t whi c h establ i shedan evi dence f or the detecti onof neutri nos
comi ng f rom the Sun.

The total e�ecti ve l i ve time of Kami ok ande-I I+I II i s 2079 days. The threshol d energy i s
9. 3MeV for the �rst 449 days, 7. 5MeV for the next 594 days, and 7. 0MeV for the l ast 1036 days.
The 8B sol ar neutri no 
ux i smeasured to be

2:80 � 0:19(stat :)� 0:33(syst :) � 106 (cm�2sec�1)[6]; (2. 11)
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which should be comparedwi th t he
ux pr edi c t edby BP95[9];

6:62
+0:93
�1:13

� 106 (cm�2s ec�1): ( 2.12)

Thus , t he r at i oof DATA/SSM i s

0:423� 0:029(stat:)� 0:050(sy st: ): ( 2. 13)

In Fi g. 2. 6,t he t i mevar i at i onof t heobs er ved s ol arneut r i no
ux i ss hown. Fr omt hi s�gur e ,
no s i gni �cant cor r e l at i onbetweent heneut r i no
ux and t he s uns pot number s (al r eadys hown i n
Fi g. 2. 5) was s eenwi t hi nt he er r orbar s .

1

0
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2

year

Fi gur e2. 6:The t i me var i at i onof t he s ol arneut r i no
ux r at i oat t he Kami okande-II +III . The
das hedl i nei s t he aver age
ux r at i of or t he ent i r et i me per i ods . The s t andar ds ol armo de l
empl oyed i nt he �gur ei sBP92[ 8] .

Fur t her ,as des cr i bed i nSect i on. 2. 4,t he Kami okande- II +III det ect or scan meas ur e ar r i val
t i me of t he i nc i dent neut r i noand r ecoi le l ec t r onener gy. I nFi g. 2. 7,and 2. 8,t he s ol arneut r i no

ux dur i ngt he dayt i mewhen t he Sun i sabove t he hor i zonand t he ni ght t i meand t he ener gy
s pect r umof r ecoi le l ec t r onsar es hown, r es pect i ve l y. Di �er encei n
ux betweent hedayt i meand
t heni ght t i meas we l las di �er encei nener gys pect r umbetweent hedat aand SSM pr edi c t i onar e
ver yi mpor t ant t o con�rmneut r i noos c i l l at i onscaus edby t he MSW e�ect ,whi ch i sdes cr i bed
i nSect i on. 2. 3. 2.Yet ,i nKami okande- II +III , t hes epos s i bl edi �er enceswer enot obs er ved.

2.2. 3 GALLEX and SAGE

Bot hGALLEX and SAGE ar er adi ochemi calexper i ment ss i mi l art oHomes t ake and us e71Ga
as t ar getat oms t o det ects ol arneut r i nos ,by means of t he f ol l owi ng r eact i on:

�e + 71Ga ! e� + 71Ge : ( 2. 14)

Thr es hol dener gyof t hi sr eact i oni s0. 233MeV.Thus ,t he71Ga exper i ment sar ecur r ent l yt heonl y
one whi ch i ss ens i t i ve t o pp neut r i noshavi ngan end poi nt ener gyof 0. 42MeV. The t heor et i cal
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Figure 2.7: The solar neutri no 
ux duri ng the daytimeand the ni ghttime. The ni ghttime data
sampl e i s di vi ded i nto 5 subsampl es as a functi on of di recti onwi th respect to the Sun where
�sun i s de�ned i n Fi g. 2. 17. The standard sol ar mo del empl o yed i s BP92[8]. The dashed l i ne i s
the average 
ux rati o f or the enti retime peri od.

Fi gure 2. 8: Observed 
ux rati oof 8B sol ar neutri nos as a functi on of recoi l el ectronenergy. The
hatched area shows the range of systemati c uncertai nty.
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calcul ation of the pp neutri no 
ux i s bel i eved to be robust. Its vari ati ontypi cal l yl ess than, or
of the order of 2% among recent sol ar mo del s[8][ 9] [ 10] [ 11] .

The radi oacti ve 71Ge atom decays i nto 71Ga vi a el ectroncapture, the i nverse of the reacti on
i nEq. 2. 14,wi tha hal f -l i f eof 11. 43 days. To coun t the number of 71Ge atoms, Auger el ectrons
and X-rays emi tted i n the 71Ge el ectron capture are measured. The energi es of the Auger
el ectrons are 10. 367keV( 41. 5 % ), or 1. 17keV wi th 9. 2keV X-ray( 5. 3 % ), or 0. 12keV wi th
10. 26keV X-ray( 41. 2 % ), i n the K-el ectroncapture mo de, 1. 2keV( 10. 3 % ) i n the L-el ectron
capture mo de, and 0. 12keV( 1. 7 % ) i n the M-el ectroncapture mo de, respecti vel y.

The GALLEX experimen t started i n1991 and �ni shed i n1997. Its detector i s l ocated at the
Gran Sasso Underground Lab oratory( 3300m water equi val ent ) i nItal y. In thi s experimen t, the
71Ga target i s used i n the form of concen trated gal l i umchl ori de ( GaCl 3-HCl ) sol uti onwi th a
wei ght of 100 tons, whi c h i ncl udes 30. 3 tons of gal l i um. The 71Ge atom produced by an i nci dent
sol ar neutri no forms the vol ati l emol ecul e GeCl 4. A measured amoun t of i nacti ve Ge carri er
atoms, whi c h al so f ormGeCl 4, i s added at the begi nni ng of a run to provi de a su�ci entl y l arge
sampl e f or extracti on so that the e�ci ency can be determi ned experimen tal l yaf ter each run. At
the end of an exposure, the GeCl 4 i s swept out of the sol uti on by bubbl i ng ai r or ni trogen gas
through the tank. The gas stream i s then passed through two gas scrubb ers where the GeCl 4

i s absorb ed i n water. The GeCl 4 i s then extracted i nto CCl 4, bac k-extracted i nto tri ti um-f ree
water, and �nal l y reduced to�0. 1 to 1 cm3 of the gas germane, GeH 4, by means of NaBH4. The
GeH 4, together wi th xenon, i si ntroduced i nto a smal l prop orti onal coun ter, where the number of
71Ge atoms i s determi ned by observi ng thei r radi oacti ve decay. The smal l proporti onal coun ter
i s sensi ti ve to both of K-p eak and L-peak el ectrons.

The SAGE experimen t started i n 1990, and i ts detector i s l ocated 4715m water equi val ent
underground at the Baksan Neutri no observatory i n Russi a. In thi s experimen t, as the target,
30t( ti l lJul y 1991) or 60t( af ter Jul y 1991 ) of gal l i ummetal i s used. As Ga metal mel ts
at 29. 8�C, permi tti ng the l i qui d( whi c h has a densi ty of 6. 0 g cm�3) to be mi xed wi th di l ute
hydro chl ori caci d. To remo ve germani um, hydrogen peroxi de i sadded to the di l ute aci d and the
enti remass i s mi xed vi gorousl y. Up on mi xi ng, the metal l i c gal l i umi s di spersed i n the aci d i n
the formof smal l gl obul es each coated wi th an oxi de l ayer. The mass app ears as a bl ack mud. If
the concen trati onof HCl i s chosen correctl y, a f ewmi n utes of vi gorous sti rri ngcauses the oxi de
coati ng of the gl obul es of metal to di ssol ve and a cl ean metal l i c l ayer to f orm wi th the aci d on
top. The reacti on i s carri ed out i n a Te
on vat provi ded wi th a mec hani cal mi xer. In the ful l
scal e experimen t, 10 i denti cal reactor vessel swi l l contai n the gal l i um. The di l ute aci d f rom the
10 uni ts wi l l be combi ned and, af ter the sol uti on i s concen trated by evaporati on, concen trated
aci d wi l l be added. The germani um, whi c h i s i n the concen trated aci d, can be remo ved by
purgi ng wi th gas and col l ectedi n a water scrubb er usi ng a procedure simi l ar to that descri bed
above for the GALLEX experimen t. The germani um chl ori de col l ectedi ssubsequen tl yconverted
to germane by reducti on wi th sodi um borohydri de. Si nce very l arge vol umes of hydro chl ori c
aci d are used i n thi s metho d, a procedure was devel oped to recover the hydro chl ori c aci d and
reuse i t. Af ter extracti on of 71Ge, amoun t of 71Ge i s determi ned by coun ti ng. The proporti onal
counter used i n the SAGE experimen t can measure onl y the K-p eak.

There are 3 mai n di �erences between these two 71Ga experimen ts; (1) f ormof gal l i umtarget(
GaCl 3-HCl , or metal ), (2) mass of target, and (3) perf ormance of the proporti onal coun ter. Ad-
vantages of metal target are (1)l esssensi ti ve to the bac kground reacti on caused by radi oacti ve
impuri ti es and (2) a smal l er vol ume whi c h reduces some other bac kground because of i ts l arge
densi ty, and provi des a l arger i nteracti on rate i n a l aboratory cal i brati onexperimen t ( f or ex-
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ample, with 51Cr). The mai n di sadvant ageof t hemet al t ar geti st hateach t i met hegermani um
i ss epar at edi ti sneces s ar yt o add f r es hchemi calr eagent s . One mus t t her e f or econt r ols t r i c t l y
t he germani umi mpur i t i e s .The gr eat ercompl exi ty of t he i ni t i alext r act i onpr ocedur emak es i t
mor e di �cul tt odemons t r at et hatt hechemi calpr oces s i ngi sf r eeof unknown s ys t emat i ce�ect s .

The i ni t i alexpect edpr oduct i onr at ei nt he gal l i umexper i ment s i s137+8
�7 SNU f r omSSM of

BP95[9]. The cont r i but i onf r omi ndi vi dualneut r i nos our cesar e s ummar i zed i nTabl e . 2. 4.As
s eeni nt hi st abl e ,appr oxi mat e l y50 % ar et he pp neut r i nosi nt he gal l i umexper i ment .

The meas ur eds ol arneut r i no
ux by each exper i ment i s

GALLEX[ 15] : 69:7 � 6:7(stat:)
+3:9
�4:5

(sy st: ) SNU ; ( 2. 15)

SAGE [ 16] : 69 � 10(stat: )
+5
�7

(sy st: ) SNU : ( 2. 16)

The r at i oof dat at o SSM pr edi c t i on( BP95[ 9] )i s

GALLEX : 0:509 � 0:049(stat: )
+0 :028
�0:033

(sy st: ) ( 2. 17)

SAGE : 0:504 � 0:073(stat: )
+0 :036
�0:051

(sy st: ) ( 2. 18)

Bot h r es ul t sar es i gni �cant l ysmal l e rt hant heexpect edval uef r omSSM. The de�c i ti nt hes ol ar
neut r i no
ux i sal s ocon�rmedi npp neut r i nos .

The t i mevar i at i onof t he s ol arneut r i no
ux meas ur edby GALLEX and SAGE i ss hown i n
Fi g. 2. 10and 2. 9. Bot h r es ul t shave ver yl ar ges t at i s t i cale r r or s .By t he s t at i s t i calanal ys i sof
t i me var i at i on,however ,GALLEX came t o a conc l us i ont hat t her ewer eobs er ved no evi dence
f orany s t at i s t i cal l ys i gni �cant t i me dependenceof t he obs er ved 71Ge pr oduct i onr at e [ 15] .

2.3 Possible solutions to the solar neutrino problem

Pos s i bl es ol ut i onst o t he s ol arneut r i nopr obl em( s ol arneut r i node�c i t )ar e c l as s i �edi nt o 2
cat egor i e s :One i san as t r ophys i cals ol ut i onand t heot heri sr e l at edt ot hei nt r i ns i cpr oper t i e sof
neut r i nos ,e s pec i al l yneut r i noos c i l l at i ons .In t hi ss ect i on,bot hof t hes es ol ut i onsar eexpl ai ned
i ndet ai l .

2.3.1 Astrophysical solutions

One of t hemet hods t os ol ve t hede�c i ti nt heobs er ved s ol arneut r i no
ux i st hemo di �cat i on
of SSM. As des cr i bed i nSect i on. 2. 1,t he 8B s ol arneut r i no
ux i sver y s ens i t i ve t o t he i nput
par amet er sof SSM, t he t emper at ur eof t he s ol arcor eand S-f act or s .Es pec i al l y, S17 i sdi r ect l y
pr opor t i onalt o t he 8B s ol arneut r i no
ux. Changi ngt hi spar amet er ,s ome ot hers ol armo de l s
canbe cons t r uct ed,and t he r es ul ti ss ummar i zedi nTabl e . 2. 5.

DS94[ 13] pr edi c t st he l owes t 8B s ol arneut r i no
ux whi ch i s cons i s t ent wi t h t he r es ul tof
Kami okande- II +III r es ul t (2. 80� 0. 19�0. 33(�106) [ cm�2s ec�1] ) .I t i s ,however ,s t i l li ncons i s -
t ent wi t ht heHomes t ake r es ul t (2. 55� 0. 14� 0. 14SNU)

Then, r ecent l y, N. Hat a and P. Langacker [ 18] compar ed t he r es ul t sf r omt he s ol arneut r i no
exper i ment swi t hs ever almo di �edSSMs . The r es ul tof t he i rcompar i s oni ss hown i nFi g. 2. 11.I n
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Model S17(0) ( eV � b ) expected for 37Cl [SNU] 8B neutrino 
ux [cm�2s�1]

BP92[8 ] 22.4 8.0�3.0 5.69(1�0.43) �10 6

TL93[12 ] 24.3 6.4�1.4 (4.44�1.1)�10 6

DS94[13 ] 17 4.2�0.5 (2.77�0.35) �10 6

BP95[9 ] 22.4 9.3+1:2
�1:4 (6.62+0 :93

�1:12)�10
6

Table 2.5: S-factors emplo yed by di�eren t SSMs and the resultan t solar neutrino 
uxes
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Figure 2.11: The constrain ts from the combined Cl , Ga and �Cerenk ov exp erimen ts[18] . The
hatc hed area corresp onds to the al lowed region at 90% C.L. and the al lowed region con tours
at 95% and 99% C.L. are also given by the dot-dashed and the dotted l ine, respectively. Also
shown are the Bahcal l -Pinsonneault SSM( BP SSM ) region at 90% C.L. [9 ] , the core temp erature
power law ( TC power law ) and standard and nonstandard solar mo dels[17 ] . A smal ler S17 cross
section mo ves the solar mo del predictions to a smal ler 8B solar neutrino 
ux as indicated by the
arrow.
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this comparison, they allo wed the 7Be 
ux to be negativ e. The result implies that no mo di�ed
SSM is consisten t with the exp erimen tal results. The exp erimen tal results suppress the 7Be
neutrino 
ux excessiv ely. Therefore, it is di�cult to explain the solar neutrino problem by
uncertain ties in SSM.

2.3.2 Neutrino Oscillations

In the simplest form of the standard electro weak mo del, neutrinos are assumed to be purely
massless particles, while there is no underlying ph ysical reason for this assumption. In this
section, the 
a vor oscillations of massiv e neutrinos in matter as well as in vacuum are describ ed.
The details are describ ed, for example in Ref.[1 ].

Vacuum Oscill ati ons

In general, neutrino 
a vor eigenstates �e, �� and �� are not necessarily the same as the mass
eigenstates, �1, �2 and �3. If they are di�eren t, the neutrino 
a vor eigenstates are describ ed
by sup erp osition of di�eren t neutrino mass eigenstates. Here, to simplify the problem, the
discussion ab out the mixing is restricted to the two 
a vor mixing case.

The mixture of the mass eigenstates is expressed by 
�e
��

!
=

 
cos � sin �

� sin � cos �

! 
�1
�2

!
� U

 
�1
�2

!
; (2.19)

where � is the mixing angle in vacuum, and �1 and �2 are the mass eigenstates of the neutrinos,
with a mass of m1 and m2, resp ectiv ely. The time evolution of �1 and �2 ob eys the Sc hr�odinger
equation:

i
d

dt

 
�1(t)
�2(t)

!
=

 
E1 0
0 E2

! 
�1(t)
�2(t)

!
; (2.20)

where Ei is the energy of �i (i = 1, 2). The solution of this equation is

 
�1(t)
�2(t)

!
=

 
e�iE1t 0

0 e�iE2t

! 
�1(0)
�2(0)

!
; (2.21)

Hence, the 
a vor eigenstate is written as 
�e(t)
��(t)

!
= U

 
e�iE1t 0

0 e�iE2t

!
U
�1

 
�e(0)
��(0)

!
; (2.22)

The mass of eac h neutrino is assumed to be small compared with Ei, and Ei can be appro ximated
by

Ei =
q
p2 +m2

i
�= E +

m2
i

2E
( i = 1; 2 ) (2.23)

where p is the neutrino momen tum, and p �= E. Then Eq.2.22 becomes 
�e(t)
��(t)

!
=

 
cos �m2

4E
t+ i cos 2� sin �m2

4E
t �i sin 2� sin �m2

4E
t

�i sin 2� sin �m2

4E
t cos �m2

4E
t� i cos 2� sin �m2

4E
t

! 
�e(0)
��(0)

!
;

(2.24)
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where �m2
� m2

2
� m2

1
(when m2 > m1). If an electron neutrino i s produced at t = 0, the

probabi l i ty of detecti ng thi s neutri no i n the same 
avor state at t = t can be wri tten by

P (�e ! �e) = 1� si n2 2� si n2
�L

L�

; (2. 25)

where L i s the neutri no propagati on l ength at t = t, L� i s the osci l l ati onl ength i n vacuum
de�ned by

L� �

4�E

�m2
= 2:48

�
E

MeV

� 
eV2

�m2

!
[m] ; (2. 26)

A number of experimen ts to search for the neutri no osci l l ati onhave been carri ed out usi ng
reactors and accel erators. An experimen t usual l y aims at bei ng sensi ti ve to as smal l a �m2 as
possi bl e. Si nce �m2 app ears i n the osci l l ati onphase i n a form of �m2

� L =E, the best one can
do i s to use l ower energy neutri nos whi c h travel a l onger di stance. A typi cal sensi ti vi ty to �m
attai nabl e wi th arti �ci al neutri no source i s down to � 10�2 eV2.

As seen i nEq. 2. 26, neutri no osci l l ati onscan be probed by means of the sol ar neutri nos down
to �m2

� 10�10 � 10�11eV 2, where the vacuum osci l l ati onl ength i s equi val ent to the di stance
between the Sun and the Earth( 1. 5�108km ).

Neutrino Oscillations in matter ( MSW e�ect )

When a neutri no propagates i nmatter, i t general l y f eel spotenti al energy caused by i nterac-
ti onwi th matter. Esp eci al l ywhen both el ectronand muon neutri nos are consi dered, onl y el ec-
tron neutri nos undergo an addi ti onal potenti alby the charged current i nteracti onwi th el ectrons
i n matter ( see Fi g. 2. 12). Thi s e�ect was �rst proposed by S. P.Mi khey ev and A.Yu. Smi rno v

νe

W

νe

e-

e-

Z

e- e-

νi νi

charged current neutral current(a) (b)

Fi gure 2. 12: Feynman di agrams of the reacti on �e + e� ! e� + �e. (a) charged current and (b)
neutral current. reacti on (b) i s f orgi ven for each 
avor of neutri no, whi l e reacti on (a) i s onl y
f orgi ven for el ectronneutri nos.

based on the theory adv ocated by L.Wol f enstei n,abbrevi ated as the MSW e�ect[ 19] [ 20] .
In matter, time evol uti on of the 
avor ei genstates i s wri tten as

i
d

d t

 
�e(t)
��(t)

!
=

"
U

 
E1 0
0 E2

!
U�1 +

 
Ve 0
0 0

! # 
�e(t)
��(t)

!
; (2. 27)
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where Ve is an addi ti onal potenti al energy:

Ve =
p
2GFNe; (2.28)

where GF i s the Fermi coupl i ng constant, and Ne i s the el ectron number densi ty. Omi tti ng
common phases, Eq. 2. 27 reduces to

i
d

dt

 
�e(t)
��(t)

!
=

 
��m2

4E
cos 2� + Ve

2

�m2

4E
si n2�

�m2

4E
si n2� �m2

4E
cos 2� � Ve

2

! 
�e(t)
��(t)

!

=
�

L�

 
� cos 2� + L�

Le

si n2�

si n2� cos 2� � L�

Le

! 
�e(t)

��(t)

!
; (2. 29)

where Le i s the neutri no-el ectron i nteracti on l ength:

Le �
p
2�

GFNe

=
2�

Ve
: (2. 30)

Assumi ng a constant el ectron densi ty, the mi xi ng matri x i n matter whi c h i s anal ogous to the

vacuum osci l l ati oncase can be expressed by: 
�m
1

�m2

!
=

 
cos �m � si n�m
si n�m cos �m

! 
�e
��

!
; (2. 31)

where �mi ( i = 1, 2 ) i s the e�ecti ve mass ei genstate, and �m i s the mi xi ng angl e i nmatter whi c h

i s de�ned to be:

tan 2�m =
si n2�

cos 2� � L�

Le

; (2. 32)

when m2 > m1. The mi xi ng angl e i n matter becomes maximal at cos 2� = L�

Le

and i s often

ref erredto as the \resonant condi ti on" . The resonant condi ti on can be wri tten i n another way

by the el ectrondensi ty:

Ne;res =
�m2 cos 2�

2
p
2GFE

: (2. 33)

If the vari ati oni n time of the el ectrondensi ty i s rel ati vel y smal l , an adi abati c sol uti on i s val i d.

Namel y , the sol uti oni sobtai ned simpl y by rel axi ng the assumpti on of the constant sol ar densi ty.

Neutri nos produced i nthe core regi onof the Sun 
y toward the surf ace (of the Sun). They always
pass the resonance regi on. i f thei r energy(E) exceeds a cri ti calval ue( Ecri t ) gi ven by

Ecri t= 6:6 cos 2�

 
�m2

10�4eV2

!
MeV; (2. 34)

where the 
avor ei genstate �e i sessenti al l ythe heavi er mass ei genstate �2. Af ter passi ng through

the resonance regi on, �2 i s almost the same as ��, hence, the produced neutri no i s observed as

��. Thi s i s the case i f the change of the el ectron densi ty i s sl ow enough around the resonance

to keep the mass ei genstate adi abati cal l y( j 1
Ne

dNe

dr
j << L�

Le

cos 2� ). Thi s e�ect i s i l l ustratedi n

Fi g. 2. 13.

In a regi on where the el ectron densi ty vari ati on i s too rapi d around the resonance to keep

the mass ei genstate( j 1
Ne

dNe

dr
j >> L�

Le

cos 2� ), however, the adi abati c sol uti on i s no l onger ap-

propri ate. Practi cal l y, Eq. 2. 29 i s numeri cal l y sol ved by a computer. The survi val probabi l i ty,
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Figure 2.13: The MSW e�ect( adi abati cchange) i n the Sun. Whi le neutri no propagates i n the
Sun, the el ectron densi ty( Ne ) decreases and the resonance condi ti on i s sati s�ed ( Ne=Ne;res

). Under thi s condi ti on, the 
avor conversi on occurs. The verti cal axi s i s the e�ecti ve mass of
neutri nos i n the Sun. The hori zontal axi s i s the di stance f rom the center of the Sun i n uni t of
the sol ar radi us.

f or el ectron neutri nos whi ch are created at a densi ty l arger than that i n the resonant regi on i s
sol ved as

P (�e ! �e) =
1

2
+

�
1

2
� Pjump

�
cos 2�m cos 2� (2. 35)

The probabi l i ty of the l evel jumpi ng, Pjump , i s obtai ned by usi ng an appro ximati on devel oped
by L.D. Landau[22 ], and C. Zener[ 23] , i n whi c h the el ectron densi ty vari es l i nearl yi n the regi on
near the resonance. Under thi s condi ti on, Pjump i s

Pjump = exp

"
���m2 si n2 2�

4E cos 2�

�
Ne

jdNe=drj

�
res

#
; Ne > Ne; res (2. 36)

If the f ol l owi ng condi ti on i s sati s�ed, the jump does not occur.

E �
�m2 si n2 2�

cos 2�

�
Ne

jdNe=drj

�
res

(2. 37)

An exampl e of the MSW e�ect i n the Sun at si n2 2� = 1:0 � 10�3 and E
�m2 = 6:0 � 105

MeV/eV 2 i s shown i nFi g. 2. 14.
Furthermore, when sol ar neutri nos are detected at the Earth, the MSW e�ect i n the Earth

must be consi dered. The el ectron densi ty pro�l e i n the Earth[ 21 ] i s shown i n Fi g. 2. 15. The
el ectron densi ty pro�l e i n the Earth i s not as smo oth as that i n the Sun. Hence, P (�e ! �e)
depends on neutri no path. In Fi g. 2. 16, P (�e ! �e) at Sup er-Kami ok ande wi th matter osci l l ati on
at si n2 2� = 0:1 and wi th cos �sun = 0. 5, 1. 0 or wi th no MSW e�ect i n the Earth are shown.
Here, the de�ni ti on of cos �sun i s shown i n Fi g. 2. 17. Hence, by i nvesti gati ng the di �erence i n
the sol ar neutri no 
ux between the daytime and the ni ghttime, one can probe the MSW e�ect
i ndependen t of SSMs.
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2.3.3 Allowed region of the MSW e�ect

Combining the available solar neutrino data from Homestak e, Kamiok ande-I I+III, GALLEX,
and SAGE, the MSW e�ects has been studied[18 ]. As sho wn in Fig.2.18, there exist 2 allo wed
regions on the (sin 2 2�;�m2) plane. The region whic h sits around �m2

� 10 �5eV 2 and sin2 2� �

0
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Figure 2.18: Allo wed region at 95% C.L. on the (sin 2 2�;�m2) plane. The MSW e�ect is tak en
into accoun t. Com bination of the curren t solar neutrino exp erimen ts lea ves just two hatc hed
areas.

0:6 is called the large-angle solution where all the solar neutrinos are uniformly suppressed in
all the energy region. The region whic h sits around �m2

� 10 �5e V2 and sin 2 2� � 0:01 is called
the non-adiabatic solution where lower energy neutrinos are preferen tially con verted.

2.4 Solar neutrino interacti on in water

The Sup er-Kamiok ande detector detects �Cerenk ov photons emitted by a recoil electron scat-
tered with a 8B solar neutrino.

Therefore, the measuremen t of 8B solar neutrinos at Sup er-Kamiok ande is based on the
elastic scattering of a neutrino with an orbital electron in water;

� + e! � + e: (2.38)

The cross section of neutrino-electron elastic scattering is giv en by

d�

d Te
=
G2

F
me

2�

�
A0 +B0(1 �

Te
E�

)2 + C0

meTe
E2
�

�
[24 ] (2.39)

where Te is the kinetic energy of the recoil electron, E� is the inciden t neutrino energy , GF (Fermi
coupling constan t) = 1:16639 �10 �5GeV �2, and me is the electron rest mass; me = 0:511MeV =c2.
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Numerical val ue of the constant outsi dethe square bracket i nEq.2. 39 i s

G2

Fme

2�
= 4:31� 10�45 (cm2=MeV) (2. 40)

Parameters A0, B0, and C0 are de�ned by

A0 = (gV + gA)
2; B0 = (gV � gA)

2; C0 = (g2A � g2V ) (2. 41)

gV = 2 si n2 �W +
1

2
; gA = +

1

2
for �e (2. 42)

gV = 2 si n2 �W �

1

2
; gA = �

1

2
fo r��; �� [24] (2. 43)

where �W i s the Wei nberg angl e = 0. 2317[ 26] . Then, the total cross sect i oni s obtai ned by
i ntegrat i ngthe di �erent i alcrosssect i on(see Eq. (2. 39)) f rom0 to Tmax,

�tot al =

Z Tmax

0

d�

d Te
d Te (2. 44)

=
G2

Fme

2�

"
A0Tmax +

B0 �E�

3

�
1� (1�

Tmax
E�

)3
�
+
C0

2

me

E�

T 2
max

E�

#
; (2. 45)

where Tmax i sthe maxi mum val ue of the el ectronki net i cenergy gi ven by a ki nemati cal l i mi tas
f ol l ows,

Tmax =
E�

1 + me

2E�

(2. 46)

Subsequent l y, the radi at i ve correct i onsare taken i nto account[ 26] . The Feynman di agrams f or
the one-l oop el ectroweak( seeFi g. 2. 19) , and QCD( seeFi g. 2. 20) correct i ons,respect i vel y. Af ter

W
γ

νe

νe e

e

νe

νe

Z

e

γ

e

e

e

Fi gure 2. 19: Feynman di agrams of one- l oop el ectroweak radi at i ve correct i ons
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Figure 2.20: Feynman di agramof one-loop QCD radi ati ve correct i ons

theseradi at i ve correct i ons,the �e+e� ! �e+e� scatteri ngcrosssect i ondecreasesby 2%. The

shape of the recoi lel ectronspectrumproduced by 8B sol arneutri noschanges and i sreduced by

approxi matel y4 % at the hi ghestel ectronenergi es.In the caseof �� + e� ! �� + e� scatteri ng,

onl y the neutral - current radi at i ve correct i oni s taken i nto consi derat i ons.The resul tant total

neutri nocrosssect i onsare shown i nFi g. 2. 21.
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Fi gure 2. 21: Total crosssect i onsf or��e scatteri ngs.The hori zontal axi si sthe i nci dent neutri no

energy i nuni t of MeV and the vert i calaxi s i stotal crosssect i oni nuni t of 10�46cm2. The sol i d

l i necorresponds to �e�e crosssect i on,whi l e the dashed l i necorresponds to ���e crosssect i on.

The energyof a recoi lel ectronre
ectsthe energyof i tsi nci dent neutri no.Theref ore,one can

measure i ndi rect l ythe energy di stri but i onof i nci dent neutri nosby means of the recoi lel ectron

energy spectrum. The energy spectrumof the recoi lel ectronsi sgi ven by

F (Te)dTe =

"Z E�;max

0

�(E�)
d�

dTe
dE�

#
dTe (2. 47)
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shown in Fi g.2. 22,where �(E�) i sthe
8B s olarneut r i nos pect r umand E�;max i st he end poi nt

ener gyof t he neut r i nos .
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Fi gur e2. 22:Ener gys pect r umof t her ecoi le l ec t r onspr oducedby 8B s ol arneut r i noswi t he l ect r on

ener gi e sgr eat ert han5 MeV.The hor i zont alaxi si st het ot alener gyof t her ecoi le l ec t r oni nuni t

of MeV, and t he ver t i calaxi si san ar bi t r ar yuni t .

The angl ebetween t he di r ect i onof t he r ecoi le l ec t r onand t hat of t he i nc i dent neut r i noi s

gi ven by

cos# =
1 + me

E�q
1 + 2me

Te

( 2. 48)

The ki nemat i call i mi tof t he s cat t er i ngangl ei s:

#2 �
2me

Te
(E� !1) ( 2. 49)

The angul arr es ol ut i on,however ,i sl i mi t edby mul t i pl eCoul omb s cat t er i ngsof t he r ecoi le l ec -

t r onsi nwat er .By means of t he s t r ongcor r e l at i onbetweent he r econs t r uct eddi r ect i onof r ecoi l

e l ec t r onand t he s ol ardi r ect i on,one can s epar at ee l ec t r onsof s ol ar� or i gi nf r ombackgr ound.

Then, t he uni queadvant agesof Super - Kami okande ar es ummar i zedas f ol l ow;

1. one can get exactar r i val t i me i nf ormat i onof t he i nc i dent neut r i no

2. t he r ecoi le l ec t r onpr es er ves t he di r ect i onof t he i nc i dent neut r i no

3. t he ener gydi s t r i but i onof t he r ecoi le l ec t r onsr e
ect st he ener gys pect r umof t he i nc i dent

neut r i nos .

Hence ,one canmeas ur enot onl y
ux but al s oot heri mpor t ant exper i ment al i nf ormat i on;t he

ener gys pect r umand t i medependenceof t he 8B s ol arneut r i no
ux.
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Chapter 3

Super-Kamiokande Detector

Super-Kamiokande detector i san i magi ng water �Cerenkov detector,whi ch detects�Cerenckov

li ght photons emi ttedby a charged part i cl e.

The detector consi stsof a cyl i ndri calstai nl esssteel tank, about 50; 000t of pure water,
water and ai r puri �cat i onsystems, 11; 146 20- i nch(50:8- cm)- i n- di ameterPMTs 1 and 1; 885 8-

i nch(20:32- cm)- i n- di ameterPMTs, and el ectroni cssystem. Schemati c vi ew of the detector i s

shown i nFi g. 3. 1.

Fi gure 3. 1: Overvi ewof Super-Kami okande detector

The detector i s l ocated 36�250N(25�80N) i n l at i tude,and 137�180E i n l ongi tude, about

1; 000m underground (2; 700m water equi val ent) i n Mt. Ikenoyama i n Kami ok a town, Gi f u

1PhotoMult ipl i erTube
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prefecture, Japan. The detector is constructed underground so as to reduce cosmi c-ray muon
by a factor of 105.

In thi s chapter, the detecti on pri nci ple of the Super-Kami okande detector and the detector
comp onen ts are descri bed i n detai l .

3.1 Detection pri nci pleof sol ar neutri nos at Super-Kami okande

The Sup er-Kami ok ande detector detects �Cerenkov l i ght photons generated by a recoi l el ec-
tron scattered by a 8B sol ar neutri no.

When a charged parti cl etraverses i n a medi um havi ng i ndex of ref racti onn, wi tha vel oci ty
v l arger than the l i ght vel oci ty i nmatter; c0 = c=n, �Cerenk ov l i ght i semi tted. �Cerenk ov photons
are emi tted i n a cone of hal f openi ng angl e � measured f rom the di recti onof the parti cl etrack,
where

cos � =
1

n �
; ( � =

v

c
) (3. 1)

In the rel ati vi sti cl imi t, v = c, � becomes 42o i nwater ( n = 1:334 at 546. 1nm ).
The spectrum of �Cerenk ov l i ght(see Fi g. 3. 2)as a functi on of wavel ength i s cal cul ated,

d2N

dxd�
= 2��

�
1�

1

n2�2

�
1

�2
(3. 2)

where � i s the wavel ength, x i s the di stance of the el ectrontraversed and � i s the �ne structure
constant. Integrati ng thi s equati on over the vi si bl ewavel ength, an el ectron typi cal l y emi ts
appro ximatel y 340 photons/cm.

Fi gure 3. 2: Rel ati ve �Cerenk ov l i ght spectrum and spectral dep endence of quan tum e�ci ency of
the i nner-detector PMT.
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3.2 Water Tank

The cylindrical water tank of Super-Kamiok ande is �lled with ab out 50; 000t of pure water.

The size is 3; 930cm in diameter and 4; 140cm in heigh t. The tank is placed in a exca vated cavit y

in the ro ck and is separated from the ro ck layer by stainless steel plates, except for the top part

of the tank. On the top of the tank, there are 5 huts for the electronics system. (see Fig.3.3)

Hut-2

Hut-
1Hut-4

Hut-
3

central-Hut

control-room

Super-Kamiokande detector

Figure 3.3: Electronics huts on the tank

The tank is divided into 3 parts; Inner detector( abbreviated as ID), Outer detector( ab-
breviated as OD ) and photo-insensitiv e volume(see Fig.3.4). The inner detector is 1; 690cm in

Inner Detector(ID)

Outer Detector(OD)

Photo-insensitive volume

PMT

Super-Kamiokande detector

rock

Figure 3.4: Sc hematic view of Sup er-Kamiok ande tank.

radius and 3; 620cm in heigh t. The inner detector is �lled with 32 ; 000 t of water. Thic kness of

the outer detector is 260cm in the barrel section and 275cm in the top and bottom sections.

Thic kness of the photo-insensitiv e volume is 55cm in the barrel region, and 45cm in the top and

bottom regions. The inner detector and the photo-insensitiv e volume are optically isolated by

plastic blac k sheets. The outer detector is covered with re
ectiv e tyv ek sheets, re
ectivit y of
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which i sroughly 80%, to opt i cal l yi s ol at efr omt he ot herpar t sand t o col l ec tas man y phot ons

as pos s i bl e .The mai n r eas onswhy t he det ect ori s di vi dedar e t o i dent i f yevent s whi ch ar e

caus edby char gedpar t i c l e scomi ng f r omout s i deof t he det ect or (f orexampl e cosmi c -r ay muon

event ), and t o pr ovi dea pas s i ve s hi e l dagai ns t
- r ays and neut r onsf r omt he r ock s ur r oundi ng

t hedet ect or .Ther e f or e ,t he out erdet ect orus ual l ys er ves as a vet ocount er .

Al lof t hePMTs ar emoun t edi nt hephot o- i ns ens i t i ve vol ume( s eeFi g. 3. 5)on s t ai nl e s ss t ee l

f r ames .A s t ai nl e s ss t ee lf r ame t o s uppor t twe l ve i nner - det ect orPMTs and two out er - det ect or

Inner detector Outer detector

photo-insensitive 
 region

black sheet
20-inch-in-diameter 
PMT

stainless steel frame

8-inch-in-diameter 
PMT

Fi gur e3. 5:PMTs ar emoun t i ngi nt hephot o- i ns ens i t i ve vol ume on s t ai nl e s ss t ee lf r ames .

PMTs cons t i t ut eone Super - Modul e( s eeFi g. 3. 6) .The Super - Modul esar es ubs equent l yi ns t al l ed

on t hedet ect orwal l .A t ot alof 11; 146 20- i nch( 50. 8- cm) - i n- di amet erPMTs ar emoun t edon t he
i nnerdet ect or :7; 650, 1; 748 and 1; 748 PMTs ar e al l ocat edi n t he bar r e l ,t op and bot t om

s ect i ons ,r e s pect i ve l y. Two PMTs ar e ar r angedever y1 m2, and t he r es ul t ant phot os ens i t i ve

cover ageamount s t o 40% of t he t ot als ur f aceof t he i nnerdet ect or .Al s o a t ot alof 1; 885 8-

i nch( 20. 32- cm) - i n- di amet erPMTs ar ei ns t al l edi nt heout erdet ect or :1; 275,302 and 308PMTs

ar e al l ocat edi n t he bar r e l ,t op and bot t oms ect i ons ,r e s pect i ve l y. Ar ound each out erPMT,

at t ached i sa wave l engt hs hi f t e rpl at et o i ncr eas et he phot o- cover age( s eeFi g. 3. 7. )

3.3 Water system

3.3. 1 Water puri�cat i onsystem

In or dert o col l ec tphot onsas e�ci ent l yas pos s i bl e ,t he det ect orwat ermus t be kept as

t r ans par ent as pos s i bl e .The ver t expos i t i ondependenceof ener gyi nan event s houl dbe mi ni -

mi ze . Fur t hermor e ,r adi oact i ve e l ement s di s s ol ved i nt hewat eri nt he t anks houl dbe r emoved,

as t heyar e s er i ousbackgr ounds our cesagai ns tt he s ol arneut r i nos i gnal .Es pec i al l y, � decays

of 214Bi f r om222Rn i nt hewat erwi t han end poi nt ener gyof 3. 26MeVar et r oubl es ome,as t he

�ni t eener gyr es ol ut i onof t he det ect orsmear st hemup t o t he anal ys i st hr es hol d.

I n t he Kami oka mi ne , nat ur alc l eanunder gr oundwat eri s avai l abl ef orf r ee .The nat ur al

wat er i s f ur t herpur i �edbe f or ei t i s s uppl i edi nt o t he t ank. The wat erpur i �cat i ons ys t em

cons i s t sof t he f ol l owi ng 7 e l ement s as s hown i nFi g. 3. 8
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Figure 3.6: Super -Module

wavelength shifter

PMT

photo-insensitive volume

tyvek
sheet

Fi gur e3. 7:Outer - det ect orPMT and wave l engt hshi ft e r
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m

Figure 3.8: Water puri �cati onsystem

1. 1�m Fi lter

2. Heat exchanger

The water temp erature constantl y ri ses because of the heat generated f rom the water
pumps and PMTs. To keep the water temp erature l ess than 14oC that suppresses the
prol i f erati onof bacteri a, the heat exchanger i s needed.

3. Ion exchanger

To remo ve vari ous metal i ons i n the water.

4. Ul tra-Vi ol etsteri l i zer

5. Vacuum degasi �er

To remo ve gases i n the water. It can remo ve about 99% of oxygen gas and 96% of radon
gas contai ned i n the f reshwater.

6. Cartri dge pol i sher

Thi s i s a hi gh-perf ormance i on exchanger.

7. sub- �m Ul tra �l ter

To remo ve sub-mi cron dusts. Af ter thi s �l ter, the ohmi c resi stance of the water i s 18. 20
M
cm whi c h i s comparabl e to i tschemi cal l imi t of 18. 24 M
cm.

Goi ng through these el emen ts, the water i s returned to the tank. As shown i nFi g. 3. 8, the water
i s usual l y ci rcul ated through the puri �cati on system and the 
ow rate i s about 50 tons/hour.
Thi s system keeps the water transparency at about 70m.
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3.3. 2 Radon free air

As radon gas is suspected to sneak i nto the water tank due to the i ncompleteai rt i ghtnessof
the top part of the detector,we pump up radon f reeai ri nthe empt y space i nthe water tank to
pressuri zei t .Radon f reeai rsystemi sshown i nFi g. 3. 9.The systemi smade up of the f ol l owi ng
comp onents:

compressor
Air filterBuffer

 Tank Air Drier
Charcoal
 column

heat
 exchanger(0.3 m)µ (0.01 m)µ(0.1 m)µ

Air filterAir filter

Super-Kamiokande  Radon-free-air system

Fi gure 3. 9: Radon f reeai r system

1. Compressor

Freshai r i s compressed to 7:0 � 8:5 atm.

2. 0. 3�m ai r�l ter

3. Bu�er tank

4. Ai r dri er

To remove the water contai ned i n the gas, as radon gas i n the wet ai r i s not remo ved
e�ci ent l y. Thi s can remo ve CO 2 i nthe gas, too.

5. Charcoal col umn

To remove radon gas.

6. 0. 1�m and 0. 01�m ai r�l ters

Wi ththi ssystem, the radon concentrat i oni nthe ai r i sreduced by a f actorof 105.
The Rn concentrat i oni n the Super-Kami okande water went down gradual l ysi ncethe start

of the experi ment. Af ter about 100 days, i tbecame about 5mBq/m 3 whi ch i sat 1/1000 l evel i n
Kami ok ande- III , and now i t i sstabl e.

3.4 Inner Detect or (I D)

3. 4. 1 PMT i nthe i nner detector

As expl ai nedi nSect i on. 3. 2,there are 11; 146 20- i nch(50. 8- cm)- i n- di ameterPMTs moun ted
on the surf aceof the i nner detector. The PMT i s an i mproved- versi onof the PMT empl oyed
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Figure 3.10: Inner detect or20-i nch- i n- di amet erPMT

i nKami okande [27]. I t i ss pec i all ydeve l oped for Super - Kami okande by Hamamat s u Phot oni cs
Co. Lt d. The s t r uct ur eof t he PMT i s s hown i n Fi g. 3. 10.The phot o- cat hode i s made of
bi al kal i (Sb- K- Cs )met al . Thi s mat er i ali s s ens i t i ve t o t he wave l engt hs pect r umof �Cer enkov
l i ght phot ons( s eeFi g. 3. 2) .The quant um e�ci ency(Q. E. )i sal s os hown i nFi g. 3. 2and r eaches
22% at �=390nmwhi ch i sa typi calwave l engt hof �Cer enkov l i ght phot ons .

The PMT empl oys Venet i an- bl i nddynodes ,becaus et heyhave t headvant ageof l ar gephot o-
s ens i t i ve ar ea.However ,t hi stype has a smal l e rcol l ec t i one�ci ency(40 �50% ) f ors econdar y
e l ect r onscompar edwi t hot hertypes ,and t hi smak es t he ener gyand t i mi ngr es ol ut i onswor s e .
Ther e f or e ,t he �r s t3 dynode s t ageson whi ch t he col l ec t i one�ci encymai nl ydepends ar eopt i -
mi zed by means of s i mul at i onf ore l ec t r ont r aject or y, i nwhi ch l engt hand s l ant angl eof bl i nds ,
di s t ancebetweeneach s t age ,r e l at i ve pos i t i onof bl i ndsand vol t agedi vi s i onar et unedpar ame-
t er s .As a r es ul tof s i mul at i on,t he number of s t agesi ss e t t l edt o 11 and t he di vi di ngr at i oof
hi ghvol t agei ss e t t l edt o8 : 3 : 3 : 1 : ::::::: : 1 ( s eeFi g. 3. 11) .Af t ert heopt i mi zat i on,t heaver age
col l ec t i one�ci encyf ort he new PMT exceeds70%. Si ngl ephot oe l ec t r on( p. e . )di s t r i but i onof
t he PMT i ss hown i nFi g. 3. 12.One p. e . peak i sc l ear l ys epar at edf r omt he noi s e .Si ngl ep. e .
char geand t i mi ngr es ol ut i onsar e i mpor t ant f ort he s ol arneut r i noanal ys i s ,as al mos tal lt he
PMTs count onl yone phot oe l ec t r oni na l ow- ener gy(�10MeV) event .

Anot her i mpor t ant f eat ur eof t he PMT i s i t swat er - pr oof s t r uct ur e ,s i ncet he PMTs ar e
s etdeep i nwat erand have t o t ol e r at eas much pr es s ur eas 5 atm. The wat er - pr oof s t r uct ur e
pas s edt he t es t i ngunder 6 atm. Ther e has been no PMT br oken due t o wat er l eakage i n
Super - Kami okande , i ndeed.

The aver agedar knoi s er at ei nt hePMT i sabout 4 kHz at t he begi nni ngof t he exper i ment
decr eas est o 3. 1kHz and s t abl enow( s eeFi g. 3. 13) .

I n addi t i on,s i ncet he l ar gePMTs ar e s ens i t i ve t o a smal lmagnet i c�e l d,t he geomagnet i c
�e l d(450mG ) s houl dbe r educed.I nor dert ocance lout t hegeomagnet i c�e l d,we us eHe l mhol t z
coi l s( Fi g. 3. 14) whi ch r educet he geomagnet i c�e l dt o l e s st han100 mG i never ypos i t i onof
t hewat ert ank.
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Figure 3.11: ID PMT base

10
-2

10
-1

1

-2 0 2 4 6 8 10

1 p.e. distribution (pC)

Fi gure 3. 12: 1 photoelectron(p. e. )di stri but i onof ID PMT.
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Figure 3.13: Ti mevari ati onof dark noi se rate of ID PMTs. The hori zontal axi s i s the el apsed

day f romApri l 1, 1996 and the vert i calaxi s i s the dark noi se rate i n uni t of kHz. At the

begi nni ngof the experi ment, the dark noi seratewas about 4kHz. But i tgradual l ydecreasesto

about 3 kHz and i t i s stabl e.
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Fi gure 3. 14: Hel mhol tz coi l sto cancel out the geomagnet i c �el d
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3.4.2 Electronics system for inner detector

The schematic vi ewof t he e lec t roni css ys t emempl oyed i n t he i nnerdet ect orof Super -

Kami okande i ss hown i nFi g.3. 15.The e l ect r oni css ys t emi scompos edof f r ont - ende l ect r oni cs ,

PMT Front-end electronics

Trigger

HV

online host

work station
for slow control

work station
for trigger

off-line 
Data flow system

HV supply

signal

Fi gur e3. 15:The e l ect r oni css ys t emof Inner det ect or

t r i ggers ys t emand hi gh- vol t ages ys t em.I nt hi ss ect i on,t hes ecomponent s ar eexpl ai nedone by
one .

Front-end elect r onics

The f r ont - ende l ect r oni csof t he i nnerdet ect orempl oys 2 types of s t andar d:one i sTKO2

and t he ot heri sVME. The s chemat i cvi ewof t he f r ont - ende l ect r oni csi ss hown i nFi g. 3. 16.

The f r ont - endanal oge l ec t r oni csadopt edi nSuper - Kami okande i snamed ATM 3 whi ch r ecor d

bot hchar geand t i mi ngi nf ormat i onof each hi tPMT. A s i gnalf r oma hi tPMT i sf edi nt o an

ATM mo dul ewhi ch di gi t i zesanal ogchar gei nf ormat i onand r e l at i ve t i me betweent he phot on

ar r i val t i me and t he gl obalt r i ggert i me gener at edby t he t r i ggers ys t em.

Each ATM mo dul ehas 12 i nput sand 20 ATM mo dul esar enomi nal l yar r angedi neach TKO

cr at e .I n Super - Kami okande , a t ot alof 934 of ATM mo dul esar eus ed: t heyar edi s t r i but edi n
48 TKO cr at es .For r eadout ,each TKO cr at ehas one i nt er f acemo dul e\SCH4", one t r i gger

s i gnaldi s t r i but i onmo dul e\GONG 5" and one s ummi ng c i r cui t .Dat a r ece i ved i na TKO cr at e

whi ch cor r es ponds t o appr oxi mat e l y240 channe l sar es ent vi aSCH t oSMP 6 whi ch i spl acedi n

a VME cr at e .One SMP has 6 dat abu�er sand dat ai nSMP ar er eadout by an onl i necomput er

vi aSBus - VME i nt er f ace .

I n t he ATM, t he s i gnalf r omPMT i s s pl i ti nt o two. One i s f edi nt o an ampl i �erwi t ha

gai nof 100, t hendi s cr i mi nat edwhen i t goes over a t hr es hol dval ueof about 0. 32p. e .Each

out put s i gnalf r oma di s cr i mi nat ori s s ummed by t he mo dul e(12channe l s ).The s i gnalaf t e r

t he s ummat i on i st hens ent t o t he t r i ggere l ec t r oni csf ora HI TSUM i nputwi t ha wi dt hof 200

ns ecand a vol t ageof - 15mV. And a r ect angul arpul s eof whi ch wi dt hi s900 ns eci sgener at ed

as a HI T s i gnal ,s i mul t aneous l y. Thi s HI T s i gnali ni t i at eschar gi ngof TAC7 and t he char gi ng

2TRISTAN/KEK Onlin e
3Anal ogTi mi n gModul eby the TKO st a nd a rd
4Supe rCo nt r o lHe a d e r
5GO/ No Go
6Supe rMe mo r yPa r t n e r
7t i met oa n a l o gco nve r t e r
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Figure 3.16: The block di agram of ID f ront-end el ectroni cs
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ends when the global trigger si gnal arri ves. The other spl i tsi gnal from PMT i s f ed i nto QAC8

and the HIT si gnal i ni ti atesthe charge i ntegrati on of QA C wi th i ts gate wi dth of 400nsec.
If the gl obal tri gger do es not arri ve, the TAC/QA C are reset 1. 3�sec af ter the di scrmi nator's
hi t. If the gl obal tri gger arri ves, ADC 9 start di gi ti zi ngthe vol tages stored i n the TAC/QA C
capaci tors. The ADC outputs are stored i na 1023-word FIFO10 memory tagged wi th the event
ID11 number. In addi ti on, each TAC/QA C has a doubl e bu�er. Thi s mak es the DAQ12 system
essenti al l ydead-time f ree.

Pedestal change a�ects the energy scal e of l ow-energy events, so pedestal must be measured
peri odi cal l yi n the data taki ng. In Super-Kami okande, a pedestal run i s taken every 30 mi n utes
and i t takes one mi n ute f or each 11146 channel check. Furthermore, to reduce dead time for
possi bl esupernova searches, the pedestal data i s taken for a 1/8 part of al l the ATMs at a time
whi c h are control l edby 1 DAQ onl i ne mac hi ne( descri bed i n Secti on. 3. 6 ).

Trigger system

The HITSUM si gnal men ti oned above i s summed up by usi ng a summi ng ampl i �er i n each
TK O crate; af ter the summi ng, 1 hi t si gnal i sequi val ent to about -10mV. Then, al l the HITSUM
si gnal s are summed agai n and forms a gl obal tri gger si gnal i f the summed si gnal exceeds a
threshol d val ue of -340mV correspondi ng to about 34 hi ts(5 � 6 MeV for an el ectron). In
Sup er-Kami ok ande, the tri gger rate i s about 10 Hz( see Fi g. 3. 17 ) among whi c h 2. 2Hz comes
f rom cosmi c-ray muons.

The gl obal tri gger si gnal i s f ed i nto a \TR G13" mo dul e. Thi s mo dul e has a 16-bi t event
counter and a 50MHz 48-bi t cl ock. The rel ati ve time of an event i s recorded wi th a 20 nsec
resol uti on. The event i nf ormati on i s stored i n a FIFO memory l ocated i n the TR G mo dul e.
The gl obal tri gger si gnal and the event coun ter si gnal i s di stri buted to 48 GONG mo dul es i n
the TK O crates. The GONG mo dul es then di stri bute the gl obal tri gger si gnal and the event
counter i nf ormati on to the ATM mo dul es.

The tri gger e�ci ency for an el ectron i s descri bed i n Secti on. 3. 8. 2.

Hi ghVoltage system

The hi gh vol tage(HV) power suppl y system i scomp osed of HV mo dul es( A933K ), i ntel l i gent
mai nf rames(SY527) and the VME i nterf ace mo dul es(V288) whi c h are made by CAEN Co. In
Sup er-Kami ok ande, about 480 A933K mo dul es, 48 SY527 mai nf rames, and 4 V288 mo dul es are
used. One A933K has 24 HV output channel s and 1 primary HV generator. The output vol tage(
maxim um HV drop of 900V f rom the primary HV) of each channel i s set and moni tored( 0. 2 V
resol uti on) i ndi vi dual l y and the primary HV generator has a current moni tor ( 1�A resol uti on
). Theref ore, one can set and moni tor the output vol tage of each channel and moni tor output
current of each mo dul e. Typi cal l y 10 A933Ks are accommo dated i n a SY527 crate whi c h i s
control l edremotel y vi a a V288 mo dul e( VME $ CAENet i nterf ace ).

8charge to analog converter
9anal og to digi talconverter

10Fi rstIn/Fi rstOut
11Identi �cati on
12Data AcQui s i t i on
13TRi Gger
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Figure 3.17: Time variation of trigger rate. The horizon tal axis is elapsed da ys from April 1,
1996. The vertical axis is the trigger rate, and unit is Hz. Diamonds represen ts the low-energy
trigger( �32 hits ) rate, while crosses stands for the high-energy trigger( �34 hits ) rate.

Schematic view of the high voltage power supply system in Sup er-Kamiok ande is sho wn in
Fig.3.18. The supplied high voltage of eac h PMT is monitored and chec ked ev ery 10 min utes.

3.5 Outer Detector(OD)

3.5.1 Outer-Detector PMT

In the outer detector, 1,885 8-inc h(20.8-cm)-in-diameter PMTs man ufactured by Hamamatsu
Co. are two-dimensionally moun ted. Eac h PMT is equipp ed with a 60 �60 cm wavelength shifter
plate(see Fig.3.7 ). Photons in a wavelength range between 300 nm and 400 nm are absorb ed by
the wavelength shifter and appro ximately 55% of the photons are isotropically re-emitted with
a longer wavelength . The PMT photo-co verage is consequen tly doubled due to the wavelength
shifter plate.

3.5.2 Electronics system for outer-detector

The outer-dector PMT signals are separated from the positiv e HV supplied to the PMT in
a HV pic ko� cards. One HV pic ko� card handles outputs from 12 PMTs. The PMT signals
are pro cessed by \QTC" mo dules. One QTC handles signals from 48 PMTs. This mo dules
record both the arriv al time and the total charge integrated over the 200nsec windo w, and the
threshold is 1/4 p.e.. The output of QTC consists of the short pulse making the time, and
follo wing variable pulse prop ortional to the PMT charge. Both pulses in 80 QTC mo dules are
fed directly into a Lecro y 1877 TDC(Time to Digital Con verter) channel to be digitized. After
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Figure 3.18: Schemati c vi ew of HV control system

di gi ti zati on,i f the gl obal tri gger arri ves, the data i s read out to a very l arge VME bu�er wi th a
connecti on vi a FDDI 14 to an onl i ne host computer as descri bed i n the next secti on.

In addi ti on, the output of QTC has the sum of the di scrimi natory outputs, or anal og HIT-
SUM output, and i t i s used for an outer-detector tri gger to detect the event whi c h do esn't enter
the i nner detector. The outer-detector tri gger threshol d i s set to coi nci dence of 16 PMTs hi t i n
a 200nsec wi ndo w.

3.6 Online DAQ sys tem

As expl ai ned i n Secti on. 3. 4. 2,charge si gnal s and rel ati ve time i nformati on of each hi t PMT
i sdi gi ti zedby ATMs, sent to SMPs, and read out by onl i ne computers vi a SBus-VME i nterf ace.

Sup er-Kami okande uses 8 sl ave onl i ne computers f or the i nner-detector data acqui si ti on,and
1 onl i ne computer f or the outer-detector data acqui si ti on, 1 computer f or the tri gger and 1 host
computer to i ntegrate data col l ectedby the onl i ne-computers. In each el ectroni cs hut, there
are 2 onl i ne computers( Sun SPAR Cl assi c S4/CL, named \sukon") f or the i nner detector and
each onl i ne computer col l ectsabout 1440 PMTs' data. These data are transf erred to the host
computer( Sun SPAR Cstati on 10 S4/10) vi a FDDI. The tri gger computer pl aced i n the central
hut control sthe TR G mo dul e and recei ves the output si gnal f rom the TR G mo dul e. The tri gger
i nf ormati on recei ved by the tri gger-computer are al so sent to the host computer. The data f rom
the outer-detector PMTs are col l ectedby the outer-detector onl i ne-computer(\suk ant") whi c h
i s pl aced i n the central hut. The outer-detector' s data are transf erred to the host-computer

14high speed ri ngnetwor kwi t hopt i cal�ber cabl e
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via Ethernet and the host-computer i ntegrates data from the i nner-detector and outer-detector
PMTs and the tri gger i nf ormati on.

Data whi ch are i ntegrated by the host-computer(\suk onh") are sent to a moni tor computer
and a data-ref ormatti ng computer. The moni tor computer ( SPARCstati on 20 ) placed i n the
control room i s used to check the data acqui si ti onand the detector status. The ref ormatti ng
computer( Ul traSPAC, named \sukrfm") whi c h i s al so pl aced i n the control room i s used to
change the onl i ne data format i nto an o�- l i nedata format ZEBRA 15

3.7 O�-line Anal ysi sSys tem

After the ref ormatti ng process, the data are sent to the o�- l i ne host computer every 10
mi n utes: Thi s �l ei sabout 70 MBytes i nsi ze. The o�- l i nehost computer( VPX210/10S, \skuop"
) i s l ocated i n the computer room of the l aboratory outsi de the mi ne. Thi s host computer saves
al l the data i n a mass storage16 l i brary( MTL ) and converts the i nteger data of ADCs and
TDCs to the number of photo el ectrons and nano seconds, respecti vel y. Thi s conversi onprocess
i s cal l ed\TQreal ".

Af ter TQreal , the data are di stri buted to o�- l i ne computers. Eac h o�- l i ne computer( Sun
SPAR Cstati on 20, \sukeve" ) has 2 CPUs and i s connected wi th the host and the others vi a
network named \Ul traNet1000". These o�- l i ne computers serve as event �tters. More worksta-
ti ons are avai l abl ef or anal ysi s. A 
owchart of the onl i ne DAQ and the o�- l i ne anal ysi s i s shown
i nFi g. 3. 19.

3. 8 MC s i mul at i onof Super- Kami okande

Here, we consi der behavi ors of scattered el ectrons and �Cerenk ov photons i n the Sup er
Kami ok ande detector. Hence, usi ng a Mon te Carl o( MC ) simul ati on, we estimate the detector
response. The MC simul ati on i s consti tuted by 4 comp onen ts; 1) el ectrontracki ng, 2) �Cerenk ov
photon generati on and propagati on , 3)PMT and 4)tri gger e�ci ency. Consi deri ng the behav-
i ors of the comp onen ts the MC was tuned wi th Ni cal i brati ondata whi c h wi l l be descri bed i n
Secti on. 4. 5. In thi s secti on, the �rst and the l ast comp onen ts are descri bed. The others are
descri bed i nthe next Chapter. Some consi derati ons f or the sol ar neutri no anal ysi s are expl ai ned
i nSecti on. 5. 3. 1.

3.8.1 Electron trac king

In thi s anal ysi s, a simul ator whi c h i sbased on GEANT i sused. GEANT i sa tool f or the de-
tector simul ati on devel oped i nCERN 17. EGS 18 i s used i nGEANT to simul ate el ectromagneti c
i nteracti ons. EGS supp orts an energy range f rom a f ew tens of keV to a f ew TeV for charged
parti cl esand f rom 1keV to several thousand GeV for a photon. GEANT-EGS simul ati on sys-
tem take accoun t of the f ol l owi ng physi cal processes; Coul om b mul ti pl escatteri ngs, i oni zati on
l oss,�- ray producti on, bremsstrahl ung, anni hi l ati onof posi tron, M�l l er and Bhabha scatteri ngs

15ZEBRA is the tool for data managemen t which i s dev eloped in CERN.
16In Super-Kamiok ande, the compact magnetic tape(CMT 3090) i s used.
17Europ ean laboratory for particl e physics
18Electron-Gamma Sho wer code
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Figure 3.19: Schemati cvi ewof data 
ow. SN represents a supernova moni tori ng process. Atmp d

represents an analyzi ng process f or atmospheri c neutri no events and nucl eon-deca y search. LE

represents an anal yzi ng process f or l ow-energy events and Mu represents an anal yzi ng process

f or cosmi c-ray muon events.
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and generation of �Cer enkov phot onsf oran e lect r on;pai rpr oduct i on,Compt on and Rayl e i gh

s cat t er i ngsand phot oe l ec t r i ce�ectf ora phot on.

3.8.2 Trigger e�ciency

Tr i ggere�ci encyi ss i mul at edand compar edwi t hr ealdat a.For t hi scompar i s on,Ni cal i br a-

t i ondat aar eus ed.Fi gur e3. 20s hows t he t r i ggere�ci encyof MC s i mul at i onand Ni cal i br at i on

dat a as a f unct i onof vi s i bl eener gyNeff . (For de�ni t i onof Neff , s eeAppendi x. F) Our MC

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70
Neff

Fi gur e3. 20: Tr i ggere�ci ency. Hor i zont al axi si sNeff de�ned i nApp endi x. F,and t he ver -

t i calaxi si s e�c i ency. Bl ack dot s cor r es pond t o s i mul at edr es ul t ,and cr os scor r es pond t o Ni

cal i br at i ondat a. In t hi s�gur e ,7MeV i sabout 47 Neff .

s i mul at i onr epr oducesdat aqui t ewe l li nt he ener gyr egi ongr eat ert han7MeV( �47 Neff ) . But

i nt hel ower ener gyr egi on,t heagr eement becomes s l i ght l ywor s e .For exampl e ,at 6. 5MeV( �43

Neff ) , t he di �er ence(Dat a- MC ) i s+1. 2%whi ch i st aken i nt o cons i der at i onsi nt he s ys t emat i c

er r or s .
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Chapter 4

Calibrati on

4.1 Gain of PMTs

4.1.1 Relative Gain of PMTs

In order to keep uniformity of the detector, the high voltage of each PMT is adjusted to

mak e the relative gain of al l the PMTs same.

Our system to measure the relative gain of each PMT is shown in Fig.4.1. Light from a

UV
filter

ND
filter

Xe lamp

monitor PMTScinti

Electronics

Trigger

ADC

SK tank

Scinti Ball
PMT

monitor system

Figure 4.1: PMT gain cal ibration system

Xe-lamp is passed through ul tra-viol et �l ters and injected into a scinti l l ator bal l via an optical

�b er. The scinti l l ator bal l i s made of an acryl i c resin in whic h BBOT and MgO powders are

uni formly mixed. The BBOT and MgO are used as a wavelength shi fter and a l ight di�user,

respectively. The intensi ty of the U.V. l ight i s moni tored by a separate scinti l l ator moni tor

whic h gives a trigger signal ( see Fig.4.1 ).

With thi s system, the measuremen ts are done at various posi tions in the Sup er-Kamiok ande

detector. The high vol tage value of each PMT are adjusted, after corrections including l ight

attenuation in the detector water, uni formit y of the scinti l l atorbal l , acceptance and intensi ty of
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the Xe light. In Fi g. 4. 2,the gai n di stri buti onsof barrel PMTs are shown. From these �gures,

the rel ati ve gai n spread i s estimated to be 7%(1�).

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1000 2000 3000 4000 5000 6000 7000

input phi uniformityinput phi uniformity cable number

Q
/Q

m
ea

n

corrected Q

0

250

500

750

1000

1250

1500

1750

2000

0 200 400 600 800 1000 1200 1400 1600 1800 2000

x 10
2

σ=  7.%

Fi gure 4. 2: The l ef t�gure shows a rel ati ve gai n di stri buti onof PMTs l abel ed by thei r cabl e

number. Gai n spread f rom the central val ue i s shown i n the ri ght �gure. In the ri ght �gure,

the hori zontal axi s i s Q(charge) af ter correcti on for detector geometry and water transparency

i nuni t of pC �m2.

4.1.2 Single p.e. distribution

The rel ati ve gai n was adjusted at a hi gh charge(Q�300�500 pC) regi on where the number of

photons i s l arge. In thi s regi on, the output charge f rom a PMT i s i n prop orti on to the number

of photons. However, f or a l ow-energy event such as produced by a 8B sol ar neutri no, most hi t
PMTs detect si ngl e-photon si gnal . Theref ore, understandi ng the gai n of each PMT at a smal l

charge regi on i s very imp ortant to anal yze 8B sol ar neutri nos.

The el ectroni cs system measures onl y charge output of each PMT. A conversi on coe�ci ent

f rom the charge to the number of photo el ectrons i s needed. Ni ckel cal i brati on data to be

descri bed i n Secti on. 4. 5. 2i s used to obtai n the coe�ci en t. In Fi g. 4. 3, the si ngl e p. e. charge

di stri buti onof a typi cal PMT i s shown i n uni t of pi co coul omb. From thi s �gure, we can get

the coe�ci en t; 2. 055 pC i s equi val ent to 1p. e.

Next, one check uni f ormi t y of \occupancy" whi c h i sde�ned to be a rati o number of hits
total number of ev ents

f or each PMT at one p. e. l i ght l evel . Uni f ormi ty of \occupancy" i s imp ortant i n the l ow

energy regi on, to reduce the posi ti onand di recti ondependence of the energy scal e. The data

taken i n the Ni ckel cal i brati onruns( descri bed i n Secti on. 4. 5. 2) are al so used to measure the
occupancy . In Fi g. 4. 4, the di stri buti onof the average occupancy of barrel PMTs i sshown. Some

PMTs at the barrel have hi gher occupancy than the others. The di �erence comes f romdi �erent

si ngl e photo el ectron detecti on e�ci ency of the PMTs. The vari ati on of e�ci ency depends on

the producti on time of PMTs. The PMTs wi th hi gher occupancy were made earl i erthan the

others. The di �erence i s 20% on the average. The non-uni f ormi t y i s consi dered i n the energy

determi nati on whi c h i sdescri bed i nApp endi x. F. Except f or them, the occupancy near the upp er

and l ower l ayers l ooks hi gher than that at the central l ayers. Thi s apparen t di �erence comes f rom

the photon re
ecti onat the surf ace of PMT, whi c h i scon�rmed by a M.C. simul ati on. Uni f ormi t y
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Figure 4.3: Single charge distribution. The horizon tal axis is charge in unit of pC, and the

vertical axis is an arbitrary unit. The slump in the lower charge region is due to threshold e�ect

of discriminator.
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Figure 4.4: Occupancy distribution for barrel PMTs. The vertical axis is the occupancy of barrel

PMTs, and the horizon tal axis is the layer num ber of sup er-mo dule( see Section.3.2 ). Circles

and squares corresp ond to new and old lot of PMTs, resp ectiv ely
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of occupancyon the topand bottomPMTs is also checked. The occupancy di stri but i onaveraged
over PMTs al onga concentri cri ngi sshown i nFi g. 4. 5as a f unct i onof ri ngradi us.The apparent
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0.007
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0.009

0.01

0.011

0 2 4 6 8 10 12

Fi gure 4. 5: Occupancy f or top/bottomPMTs. The hori zontal axi s i sdi stancei nuni t of meter,
f romthe center of the top/bottompl anes. Ci rcl esand tri angl escorrespond to top and bottom
PMTs, respect i vel y.

non-uni f ormi ty i sal socaused the photon re
ect i onon the surf aceof PMT.

4.2 Relative Timi ngof PMTs

The resol ut i onof reconstructedvertexpoi nt of a l ow- energy event depends on rel at i ve hi t
t i me of each PMT. Because of sl ewi nge�ect of a di scri mi nator,the rel at i ve hi t t i me becomes a
f unct i onof observed charge(pul sehei ght).

A systemi l l ustratedi nFi g. 4. 6i sused tomeasure the correl at i on.Here,a N2 l aseri sused as
a l i ght source. The pul sewi dth of the l i ght i s typi cal l y3 nsec. The wavel engthof the N2 l aser
l i ght i s337 nm and i sconvertedto 384 nm by a dye l asermo dul e, whi ch i ssi mi l arto �Cerenkov
l i ght spectrum. Al so, a set of opt i cal�l tersare used to change the l i ght i ntensi ty i n order to
measure the hi t PMT ti me at vari ouspul se hei ghts. The l i ght i s spl i ti nto two, one i s gui ded
to a di �user bal l i n the tank vi a opt i cal�ber cabl e,and the other i sused to moni tor the l i ght
i ntensi ty and to mak e a tri ggersi gnal .

In Fi g. 4. 7,a typi cal correl at i onof hi t t i me(T) versuscharge(Q)i spl otted.Thi s di stri but i on
i scal l ed\TQ-map". The TQ-map i smade f oreach PMT, and i ti sused f orreal data to correct
the sl ewi nge�ect .

At the same ti me, dependence of the t i mi ng resol ut i onon pul se hei ght i s measured and
i s shown i n Fi g. 4. 8. The t i mi ng resol ut i oni s approxi matel y 3nsec at si ngl ep. e. The t i mi ng
resol ut i oni s i ncorporatedi nto our MC si mul at i on.
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Figure 4.6: Timing calibration system
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Time Resolution of Inner PMT
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Figure 4.8: Timing resolution of inner-detector PMTs as a function of charge( p.e. ).

4.3 Consideration of PMT resp onse in Mon te Carlo simula-
tion(MC)

When the PMT resp onse is simulated, one considers the quan tum e�ciency and dyno de

collection e�ciency , noise, charge and timing resolution.

The quan tum e�ciency of the PMT is measured at Hamamatsu Photonics as sho wn in

Fig.3.2. In our MC simulation, this measured value is used.

The dyno de collection e�ciency is treated as a tunable parameter when one compares our

MC simulation with Nickel calibration data. It is set at 0.88.

There are two typ es of noise belonging to PMT; one is the dark curren t and the other is

after-pulse. The dark noise rate is ab out 3.1 kHz and stable. Our PMT ha ve an the after-pulse

whic h typically arriv es 100 nsec after a signal. In our MC simulation, the after-pulse is generated

with 2% probabilit y distributed in a Gaussian shap e with a width of 10 nsec.
The charge and timing resolutions of the PMT are calibrated using a metho d describ ed in

Sections.4.1, and 4.2. Furthermore, heterogeneous occupancy is considered in our MC simulation

to simulate the PMT resp onse. The measuremen t of occupancy is done with Ni calibration data.(

see Section.4.1.2 )

4.4 Water Transparency measuremen t

In Sup er-Kamiok ande, �Cerenk ov photons are used to reconstruct an ev ent. Since �Cerenk ov
photons tra vel a long distance( detector linear dimension � 30m ) before being detected by

PMTs moun ted on the tank wall, atten uation of them in water is considered. Tw o metho ds

are emplo yed to measure the transparency; 1)a laser and CCD camera system, and 2) electrons

from � deca y. The �rst one do es a direct measuremen t, and the other uses real data tak en in

Sup er-Kamiok ande.
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With the laser system, one can measure the water transparency for various wavelength whic h

is used to tune up our Monte Carlo(MC) simulation.

As one can't measure the transparency con tinuously , one also emplo ys real data to monitor

water transparency in the detector and its long-term stabi l i ty.

4.4. 1 Direct Measurement wi thlaser

The direct measuremen t is done with a system whic h consists of laser, di�user bal l , CCD

camera and con trol system. A schematic view is describ ed in Fig.4.9. In this system, a N2 laser

Optical Fiber (70m)

CCD cmera

<< SK Tank >>

Beam Splitter (50:50)

Lens

Integrating Sphere

<< laser box >>

Diffuser Ball

2inch PMT

DYE / N2 laser

Figure 4.9: Schematic view of direct measuremen t of water transparency

and a dye mo dule are used as the l ight source. As the N2 laser pro duces only mono chromatic

l ight(337nm), i t i s converted to a di�use l ight with a di�eren t wavelength by the dye mo dule.

Passing through the dye mo dule, the l ight is spl i t into two by a hal f mirror. One is led
to 2-inch-in-diameter PMT for monitoring the l ight intensity, and the other is guided to an

acryl ic di�user bal l via optical �ber cable. This di�user bal l i s set up in the water tank and the

l ight from the bal l i s measured by a CCD camera. Measuremen ts are done at several distances

between the bal l and the camera. After correction with data taken by the monitoring PMT,

the water transparency is calculated. The measuremen t is carried out at various wavelengths

and the result i s shown in Table.4.1 and Fig.4.14. This result i s taken into accoun t in our MC

tuning ( Sub-Section.4.4.3 ).
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wavelength(nm) water transparency(m) error(%)

337 40.90 2. 52
400 99. 74 6. 04

500 33. 47 2. 09

580 10. 17 0. 64

Tabl e 4. 1: Water transparency measured by l aser system.

4.4. 2 Measurement with �-decay electrons

In Super-Kamiok ande, cosmi c-ray muons hi t the detector at a rate of 2. 2 Hz, among whi c h 3

� 4% stop i nthe detector. The stoppi ng muon decays i nwater and emi ts an el ectron. InFi g. 4. 10,

a typi cal stoppi ng muon event i s shown, together wi th an accompani ed �-decay el ectron.

NUM         19
RUN       1974
EVENT     6124
DATE  96-Jun-23
TIME   20:26:27

TOT PE: 29522.9
MAX PE:   178.4
NMHIT :  6471
ANT-PE:   535.0
ANT-MX:    45.4
NMHITA:    86

RunMODE:NORMAL
TRG ID :00001011
T diff.:0.213E+06us
       : 213.    ms
FSCC:           0
TDC0: -1125.0
Q thr. :   0.0
BAD ch.:  masked
SUB EV :  0/ 1

NUM         19
RUN       1974
EVENT     6125
DATE  96-Jun-23
TIME   20:26:27

TOT PE:   398.2
MAX PE:    10.9
NMHIT :   246
ANT-PE:   594.6
ANT-MX:    45.4
NMHITA:    95

RunMODE:NORMAL
TRG ID :00000011
T diff.: 3.44    us
       :0.344E-02ms
FSCC:           0
TDC0:  2295.0
Q thr. :   0.0
BAD ch.:  masked
SUB EV :  1/ 1

Fi gure 4. 10: A typi cal stoppi ng muon(l ef t) and an accompani ed �-deca y electron(righ t).

The water transparency measured by �-deca y electrons represen ts an average value inte-
grated over the �Cerenk ov light spectrum at single-photo electron light level. A �-deca y electron

is tagged by a selection criterion that time di�erence between the preceding event and the elec-

tron candidate is 1.5�8.0�sec. The range of �-deca y electrons in water is less than the vertex

position resolution( 1 � � 70cm at 10MeV). Therefore, their trac k length is short enough to

be appro ximated as a point. Reconstruction metho d of their vertex point and direction are

describ ed in App endix.A and App endix.B, resp ectiv ely.

Then, one selects hit PMTs in the electron event whic h satisfy the following conditions:

1) the detected photon lies within a 50-nsec time windo w from the exp ected arriv al time as

calculated from the photon 
ight path.

2) The PMTs should lie in a cone with a half op ening angle of 32-52 degrees measured from

the electron direction(Fig.4.11). After the selection, one considers a virtual sphere with a radius
of R and with its cen ter at the vertex position of the event. The selected PMTs are pro jected

bac k on to this sphere. They should form a ring on the sphere. Then, they are divided into 36

azim uthal 10-degree bins as sho wn in Fig.4.11. On the sphere, the e�ectiv e charge in the i-th
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Figure 4.11: Schemati cvi ewof hi t PMT select i onf or cal cul at i onof water transparency

bi ni s

�Qi =
kX

j=1

qjexp

�
dj �R

�

�
; (4. 1)

�= exp

 
di �R

�

!
kX

j=1

qj ; (4. 2)

where dj i s the di stancef romthe vertexpoi nt of the el ectronto the j-th PMT i nthe i- thbi n,

� i sthe attent i onl engthof water,k i sthe number of hi tPMTs i nthe i- thbi n, qj i sthe number

of photons detectedby the j- thPMT af terPMT acceptance correct i onand di i sthe average of

the di stancedj. Ideal l y, �Qi shoul d sat i sf ythe f ol l owi ng rel at i on,

�Q1 = �Q2 = � � � = �Q36 � �Q: (4. 3)

Then, one can setR! 0 wi thout any change, and �Q can be descri bed as

�Q = exp

�
r

�

�
q(r); (4. 4)

where di i s repl acedby r, and q(r) =
Pk

j=1 qj .

Then, every 7 days, one col l ects�- decay el ectronsand �t them assumi ng

q(r) = exp

�
�r

�

�
�Q (4. 5)
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Then,

� = r � log

�
q(r)

�
�Q

�
; (4.6)

where q(r) and �Q are the average of q(r) and �Q over 7 days, respectively.
The water transparency and its long-term stabi l i ty measured by the �-deca y electron data

is shown in Fig.4.12.

water tranceparancy(running ave) vs elapse day from 96/1/1
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Figure 4.12: Variation of the detector water transparency measured by �-deca y electrons as a

function of elapsed time since January 1, 1996. One circle corresp onds to 7-da y data. The rapid
change after 250 days is caused by replacemen t of ULTRA FILTER in the water puri�cation

system( Section.3.3.1).

4.4. 3 Input parametersof our MC simulat i on

�Cerenkov photon propagation

General conditions to generate �Cerenk ov photons and their spectrum have been already

describ ed in Section.3.1. Hence, in this section, a metho d to propagate photons in the simulator

is describ ed.

The PMTs detect not only direct photons but also re
ected photons. Esp ecial ly, the re
ec-

tivity and its inciden t angle dep endence is imp ortan t.

Comp onen ts of the Sup er-Kamiok ande detector, relevant to the photon propagation, are

water in the tank, and re
ection at blac k sheets on the wal l of the water tank, and at the surface

of PMTs. To simulate the photon propagation in the Sup er-Kamiok ande detector, scattering

and absorption at these comp onen ts are separately considered .
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propagation i nwat er

When a medium matter i s di spersi ve as water, one should take i nto accoun t the di spersi on
rel ati onof the ref racti oni ndex for cal cul ati on of the vel oci ty of the l i ght propagati on. Thi s
vel oci ty i s not the phase vel oci ty, but the group vel oci ty whi c h i s appro ximated by:

vg =
c

n(�)� �
@n(�)
@�

; (4.7)

where vg i s the group velocity, � i s wavelength of photons and n(�) i s the refraction index
dep enden t on wavelength. n(�) i s given by the fol lowing formula[28 ],

n(�) =

s
a1

�2
� �2

a

+ a2 + a3 � �2 + a4 � �4 + a5 � �6 (4.8)

where � i s wavelength in unit of �m, �2
a = 0:018085, a1 = 5:743534 � 10�3, a2 = 1:769238,

a3 = �2:797222 � 10�2, a4 = 8:715348 � 10�3, and a5 = �1:413942 � 10�3. Its spectral
dep endence in water is shown in Fig.4.13.
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Figure 4.13: The refraction index of water dep enden t on wavelength. Dots represen t the data
l i sted in [29] and sol id l ine stands for Eq.4.8.

Next, one considers probabi l i t y of scattering and absorption of �Cerenk ov l ight photons in
water.

For a short-w avelength region, Rayleigh scattering is dominan t, because the size of particles
with whic h �Cerenk ov photon interacts is smal l enough compared with the wavelength. For a
long-w avelength region, the photons are scattered isotropical ly. The data are given by a reference
[30] .

Then, one determines the ratio of scattering to absorption of photons in water. The ratio
is not a measurable value at the Sup er-Kamiok ande exp erimen t. Therefore, in our MC tuning,
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it is treated as a free parameter. After tuning, the sp ectral dep endence of water transparency
emplo yed in our MC simulation is sho wn in Fig.4.14.
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Figure 4.14: Water transparency . Atten uation co e�cien t is a recipro cal of atten uation length.
Dashed line represen ts a theoretical prediction. Solid line represen ts our tuning result. The
measuremen t is describ ed in Section.4.4.1.

scattering and absorption at blac k sheets and surface of PMT

Re
ecti vi ty of bl ack sheet was measured i n the ai r and i s converted to that i n water( see
Fi g. 4. 15 ). In thi s cal cul ati on, the ref racti ve i ndex of bl ack sheet i s assumed to be 1. 6, and
pol ari zati ondependence of re
ecti vi ty i s al so consi dered[31 ]. In our MC simul ati on, re
ecti vi ty
averaged over S-wave and P-wave i s used.

Re
ecti on at the surf ace of PMT i scal cul atedwi th the standard el ectro-magneti c l aw, where
the pol ari zati onof l i ght i s consi dered. The cal cul ated re
ecti vi ty i s shown i n Fi g. 4. 16 together
wi th measured val ues at 7 i nci dent angl es i nwater.

4.5 Absolute Energy Scal e and Energy resol ution Cal i brati ons

In a l ow-energy( �10MeV) regi on, number of hi t PMTs i s used to cal cul ate the energy of an
event. A recoi l el ectron scattered by a 8B sol ar neutri no gi ves typi cal l y an energy deposi t of
10MeV i n the Sup er-Kami okande detector. The hi t PMTs ( 45 hi ts at 10MeV at the center of
detector) detects mostl y a si ngl e photo el ectron si gnal . Theref ore, the energy i s appro ximatel y
proporti onal to the number of hi t PMTs. On the other hand, total number of photo el ectrons i s
not a good measure of energy around 10MeV, as i t i s a�ected by the 
uctuati on i n the el ectron
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Figure 4.15: Re
ecti vi ty of black sheet. The hori zontal axi s i s i nci dent angl e i n uni t of degree,
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ecti vi ty.
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and the verti cal axi s i s re
ecti vi ty. Bl ack dots represents data poi nt.
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multiplication pro cess in PMT[32],[33 ],[34 ],[35 ],[36 ]. Three calibration sources are emplo yed to
calibrate the energy scale in the low-energy region; One is a radioactiv e source( 
-rays from Ni
), the second is an electron linear accelerator(LINA C), and the third �-deca y electrons. As data
can be quic kly tak en with the radioactiv e source at sev eral poin ts in the detector, the results
are used to pre-tune the energy scale and to calibrate the position dep endence of the energy
scale. To �ne-tune the absolute energy scale and to measure the energy resolution, the most
reliable LINA C data whic h has become available just recen tly are used. The energy spectrum
of �-deca y electrons is also used to chec k the long-term stabilit y of the energy scale.

4.5.1 De�nition of Energy Scale

The simplest idea to determine the energy scale is to coun t the num ber of \on-time" PMT
hits. N50 is de�ned as the maxim um num ber of PMT hits in 50ns time windo w after suit-
able photon TOF 1 subtraction, based on the reconstructed vertex position and direction ( see
App endix.A, and B ) of an ev en t. However, N50 dep ends on the vertex position, due to ligh t
atten uation by the detector water transparency , solid-angel dep endence of PMT photo coverage,
ligh t re
ection, and so on. Then, the e�ectiv e num ber of PMT hits ( Neff ) is emplo yed in the
calculation of the energy scale. Neff is a corrected N50 and its de�nition is describ ed in Eq.F.1(
App endix.F ).

4.5.2 Energy Scale Pre-tuning and its Position dep endence by Radioactiv e

source

In Sup er-Kamiok ande, gamma-ra ys emitted from a thermal neutron capture reaction in nic kel
is used as a calibration source of low-energy ev en ts. 252Cf deca ys via � emission( 96.9% ) and
spon taneous �ssion ( 3.1% ) with a half life of 2.65 years. At a spon taneous �ssion, it emits 3.76
neutrons per 1 �ssion. Av erage energy of these is ab out 2MeV. The neutrons emitted by the
252Cf source are thermalized in the water between the source and the nic kel target.

Natural nic kel mainly con tains 58Ni, 60Ni, 62Ni, and 64Ni. When they are irradiated by the
thermal neutrons from spon taneous �ssions of 252Cf, they emit 
-ra ys via the follo wing reactions;
58Ni(n, 
)59Ni �, 60Ni(n, 
)61Ni �, 62Ni(n, 
)63Ni �, and 64Ni(n, 
)65Ni �. Furthermore the Ni(n, 
)Ni �

reactions ha ve man y transition schemes. In Fig.4.17, an example is illustrated. In Table 4.2,
the natural abundance of Ni isotop es and relev an t radiativ e reactions are summarized. When

Reaction Natural abundance energy cross section relativ e intensit y
(%) (MeV) (barn) (%)

58Ni(n, 
)59Ni � 67.88 9.000 4.4�0.3 65
60Ni(n, 
)61Ni � 26.23 7.820 2.6�0.2 15
62Ni(n, 
)63Ni � 3.66 6.838 15�0.3 12
64Ni(n, 
)65Ni � 1.08 6.098 1.52 �2 0.4

Table 4.2: Thermal neutron capture information

the �ssion neutrons from 252Cf are not captured by the nic kel target, they are captured instead
by protons in water, and 2.2MeV(mono chromatic) 
-ra ys are emitted via the H(n, 
)D reaction.

1Time Of Flight
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Figure 4.17: The transi ti ondi agram of 58Ni (n,
)59Ni �
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The 
-rays from this reaction are a main background in thi s calibration scheme. The cross

section of thi s capture pro cess i s 0.332 barn, and the neutron mean l i fein the water i s 205 �sec.

The energy scale i s cal ibrated by comparing the Ni 
-ray data with our Monte Carlo simu-

lation incorp orating the detector response.

A schematic view of the whole cal ibration system is shown in Fig. 4.18. The Ni wire and

Ni wire

Cf and 
Fission counter

252

Polyethylen
 container

20cm

20cm

Super-Kamiokande detector

Ni-Cf container

calibration hole

Figure 4.18: Schematic view of the cal ibration system with the radioactiv e Ni+ 252Cf source

252Cf source are pac ked in a cyl indri cal container( see Fig.4.18 ) whic h i s made of polyethylene.

This container i s 20cm in heigh t and 20cm in diameter. The 252Cf source(1.7 �Ci) i s located at

the center of the container on whic h an electrode i s painted to be used as a part of a prop ortional

coun ter . The 252Cf source i s surrounded by pure water and bundles of 0.1mm � Ni wires with

gross weight of 2.84 kg and pure water. This container i s easi ly set up in the Sup er-Kamiok ande

water tank through cal ibration holes on the detector top and data are taken at various posi tions.
When one take data for energy cal ibration with Ni(n, 
)Ni � reactions, one use the preceding

252Cf �ssion as a trigger, whic h i s cal l ed \�ssion trigger". The prop ortional coun ter i s located

inside of the container to detect 252Cf �ssion pro ducts. Its signal i s used as the trigger. Data-

taking pro cesses are active only within 500 �sec after each �ssion trigger. The di stribution of

time interval s(Tdiff ) measured from the �ssion trigger i s shown inFig.4.19. In order to subtract

bac kgrounds in the energy spectrum, for example, 2.2 MeV 
-rays from the H(n,
)D reaction,

o�-timing data( 300 < Tdi ff < 500 ) are subtracted from on-timing data ( 10 < Tdi ff < 210 ).

After the bac kground subtraction, the resul tan t energy spectrum is shown inFig.4.20 As i s seen

in Fig.4.20, the width of the Neff distribution i s not wel l repro duced by our MC simulation.

This di�erence wi l l be treated as a systematic error. Then, Ni data have been taken at several

posi tions(Fig.4.21) inthe detector. With the data, our Mon te Carlo simulation i spre-tuned. The
posi tion dep endence of the energy scale i s summarized in Table.4.3. The posi tion dep endence

i smeasured only in the Ni cal ibration run Av eraging the resul ts given in Table.4.3, the possibl e

di�erence in energy scale between the data and our MC simulation i s estimated to be +0.3%

for 8B solar neutrinos in the �ducial volume(22.5kton).
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Figure 4.19: Event time di stri buti onmeasured from the �ssi on tri gger. The time constant

�=85�sec corresponds to the neutron thermali zati on time i nwater.
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Fi gure 4. 20: Neff di stri buti onfor Ni data taken at z=12m(upp er) and at z=0m(l o wer). In both

�gures, the sol i dhi stograms represent data and the crosses represent our MC simul ati on. One

MeV i s appro ximatel y equi val ent to 7Neff .
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Figure 4.21: Position dep endence of energy scale as measured by Ni data. Vertical axis is Neff .
Num ber inside of the graph indicate distance(Dw all) between the Ni position and the nearest
detector wall. An op en circle represen ts a peak position in the Neff distribution obtained by a
Ni data, and a �lled circle indicates an averaged value at corresp onding Dw all. These averaged
values are summarized in Table.4.3

distance Neff Neff M.C. - data
from wall[m] of Ni data of M.C. Ni data

2.1 49.52 48.80 -1.4%
4.9 49.37 48.85 -1.1%
6.1 49.07 49.01 -0.1%
16.2 49.33 49.96 +1.0%

Position(x,y ,z)[m] Neff (data) Neff (MC) M.C. - data

(-12,0,+12) 49.49 49.49 �0.0%
(-12,0,+0) 50.33 49.19 +2.3%

Table 4.3: Position dep endence of the energy scale obtained by Ni calibration runs
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4.5.3 LINAC

In the calibrat i on runs wi th 
-rays from the Ni (n,
)Ni � react i ons,the mai n one i s the
58Ni (n,
)59Ni � react i on. For exampl e, the i ndi vi dualbranchi ng rat i osof a f ract i on(8. 9% )

of 
- rays f romthe react i onhave not been measured. Theref ore,i t i s di �cul tto deal wi th the

f ract i on8. 9%i nour MC si mul at i on.Moreo ver, thereare uncertai nt i esi nthe 
- ray attenuat i on

by materi al e�ectof the Ni wi re as wel las uncertai nt i esi nthe crosssect i onand branchi ng rat i os
of Ni (n,
)Ni �. On the other hand, uncertai nty i nLINAC beam energy i sonl y�0:3% as wi l lbe

expl ai nedi nthi ssect i on.Hence, we adopt LINA C cal i brat i onf or the absol uteenergy scal eand

energy resol ut i ondetermi nat i on.

A schemati c vi ewof LINA C i s shown i nFi g. 4. 22and the whol e cal i brat i onsystemi s i l l us-

tratedi nFi g. 4. 23 LINA C emi ts el ectronswi th ki net i cenergi esof 5MeV � 15MeV . El ectrons

LINAC room

steeling coil

collimator
LINAC

klystron power supply15deg bending magnet

concrete shield

Super-Kamiokande top

Fi gure 4. 22: Schemati c vi ewof LINA C

magnet 3

magnet 2
magnet 1LINAC room

beam pipe

rock

Super-Kamiokande detector

Fi gure 4. 23: The whol e LINA C cal i brat i onsystem
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from LINAC are fed into the Super-Kamiok ande water tank viabeam pipe through 4 coll imators
and 3 bending magnets. After al l the col l imators, the intensi ty of the el ectron beam is reduced
to a level of 1 el ectron/bunc h. A schematic view around the beam pipe end i s shown inFig.4.24.
Around the pipe end, there i s a plasti c scinti l l atorwith thickness of 1mm. By a signal detected

e-

PMT

light guide
plastic scintillator 1mm

Ti 100µm

Figure 4.24: Around the end point of the LINA C beam pipe

by the scinti l l ator together with a micro-w ave beam timing signal from LINA C, a trigger signal
i s made. The end cap i s a thin Ti windo w with thickness of 100�m. It prev ents water from
sneaking into the beam pipe.

A Ge detector i s used to cal ibrate the absolute energy scale of the LINA C beam momen tum.
A schematic view of thi s Ge cal ibration system is shown in Fig.4.25. Using thi s system, the
beam momen tum was measured inMay and June, 1997. The deviation of the measured(b y Ge)
beam momen tum from the expectation by the magneti c �eld of analyzing magnet(d1) i s l ess
than �0:3% at various energies. The resul t i s summarized in Table.4.4 and in Fig.4.26.

Ma y June

d1[A] B[gauss] Pbeam[MeV/c] B[gauss] Pbeam [MeV/c]

1.8 -371 5.120 -371 5.123
2.15 -437 6.054 -437 6.048
2.5 -504 6.964 -505 6.969
3.2 -637 8.811 -637 8.852
4.0 -789 10.949 -790 10.979
5.0 -980 13.630 -979 13.667
6.0 -1168 16.283 -1169 16.299

Table 4.4: LINA C electron Momen tum vs Magneti c �eld

LINA C data have been taken at 2 posi tions; (x,y, z)=(-1237,70.7,1228)[ cm] and (x,y, z)=(-
1237,70.7,27)[ cm] posi tion (see Fig.4.23). Energy di stributions of the real data and Ni -tuned
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Figure 4.25: Schemati c vi ew of the Ge cali brati onsystem for the LINAC beam momen tum
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Fi gure 4. 26: Devi ati on of the LINA C beam momen tum from the momen tum measured by the

Ge cal i brati onsystem.
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MC at each posit i onare shown i n Fi g.4. 27. Compari sons are summari zed i n Fi g. 4. 28. The

beam energy = 16.307 MeV

energy distribution for each linac energy z=27
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Fi gure 4. 27: Energy di stri but i onsof LINAC data at Z=0m and 12m. Lef t(ri ght) �gures are
energy di stri but i onsof LINA C data at (x,y, z)=(-1237, 70. 7, 1228) [cm]( ( - 1237, 70. 7, 27) [ cm]) to-
gether wi th Ni - tunedMC di stri but i on.

average di �erencesbetween the data and Ni - tunedMC i nthe absolute energy scal eare +2. 6%
at (x, y, z)=(- 1237, 70. 7, 1228) [ cm]and +4. 2% at (x, y, z)=(- 1237, 70. 7, 27) [ cm] ,respect i vel y. On the
other hand, the average di �erencesof energy resol ut i onbetween the LINA C data and Ni - tuned
MC are 4. 7%at (x, y, z)=(- 1237, 70. 7, 27) [ cm] ,and 2. 6%at (- 1237, 70. 7, 1228) [ cm] ,respect i vel y.

4.5.4 Comparison between Ni and LINA C

Absolute energy scal e

Our MC si mul at i onhas al ready been pre- tuned wi th Ni cal i brat i ondata. Theref ore, a
correct i onhas to be made to our MC si mul at i on,based on the LINA C energy scal ecal i brat i on.

In thi scompari son, Ni data taken at the same posi t i onas LINA C data are used. The peak
posi t i onsof the Neff di stri but i onsof real data and MC are summari zed i n the l ower two rows
of Tabl e. 4. 3.The di �erencesbetween Ni data and Ni - tuned MC at the LINA C posi t i onare
wri tteni nthe thi rdcol umn, i nthe l ower two rows of Tabl e. 4. 3.No w, LINA C data are di rect l y
compared wi th Ni data at the same posi t i on.The resul ti s�

data�MC

MC

�
LINAC

�

�
dat a�MC

MC

�
Ni

=

(
+2 :6%� 0:5% (at Z = +12 m)
+1 :9%� 0:5% (at Z = 0m):

(4. 9)

The average di �erencei s+2 :3% whi ch shoul dbe a correct i onf actorto Ni - tunedMC.

Positi ondependence

As i sdescri bed i nSect i on. 4. 5. 2,the posi t i ondependence of energy scal ei s est i matedto be
+0. 3% whi ch shoul dbe i ncl udedi nNi - tunedMC.
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Figure 4.28: Compari son between LINAC data and Ni -tuned MC. (Data � Ni-tuned MC)/Data
i s plotted, as a function of LINA C beam energy cal ibrated by the Ge energy cal ibration system.
Upp er �gures for the energy scale, and lower ones for the energy resolution. Left �gures are for
data at (x,y, z)=(-1237,70.7,27)[cm], and right ones are for data at (x,y, z)=(-1237,70.7,1228)[ cm] .
The energy scale in LINA C data i s cal ibrated by the Ge measuremen t. ( Ni scale )
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Summary

In summary, tot a ls y s t ema t ics hi fte n e r gys c a l ei nNi -t u n e dMC i se s t i ma t e dt obe +2.6%(
= +2 . 3%( Ni /LI NAC d i �e r e n c e )+ 0. 3 %( po s i t i o nd e pe n d e n c e ) ) .Af t e rt h i se n e r g ys c a l es h i f t ,
t h ee n e r g ys pe c t r ao b t a i n e dby L I NAC d a t aa r es h own i nFi g . 4. 2 9.Th ed e vi a t i o nf r o mMC i s

beam energy = 16.307 MeV
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F i g u r e4 . 2 9 :En e r g yd i s t r i b u t i o no fL I NAC a tZ=0 ma n d12 m. L e f t ( r i g ht )�g u r e sa r ee n e r g y
d i s t r i b u t i o n so fL I NAC d a t aa t( x, y, z) =( - 1 2 3 7, 7 0 . 7 , 1 2 2 8) [c m]( ( - 1 2 3 7 , 7 0 . 7 , 2 7 ) [ c m]) t o g e t h e r
wi t hL I NAC- t u n e dMC d i s t r i b u t i o n .

d e mo n s t r a t e di nF i g . 4 . 3 0 .Fr o mn ow o n ,MC i n d i c a t e st h eL I NAC t u n e dMC i fn o ts pe c i � e d .
Th es y s t e ma t i ce r r o r si na b s o l u t ee n e r g ys c a l ea r es u mma r i z e di nTa b l e . 4 . 5.As d e s c r i be di n

E r r o rs o u r c e E r r o r ( %)

L I NAC be a me n e r g yd e t e r mi n a t i o n0 . 3
va r i a t i o no fL I NAC d a t a 1 . 3

Po s i t i o nave r a g e 0 . 5
Ni v sL I NAC c o mp a r i s o n 0 . 3

t o t a l 1 . 5

Ta b l e4 . 5 :Po s s i b l es o u r c e so fs y s t e ma t i ce r r o r si na b s o l u t ee n e r g ys c a l e .Th et o t a le r r o ri s
e s t i ma t e dby i n d i v i d u a le r r o r sa d d e di nqu a d r a t u r e .

Ta b l e . 4 . 5 ,t h et o t a ls y s t e ma t i ce r r o ri s�1:5 %.Howe ve r ,L I NAC d a t ah ave be e nt a ke no n l ya t
two po s i t i o n s ,s of a rwh i l eNi d a t aa r et a ke na ts e ve r a lpo s i t i o n s .He n c e ,i nt h i sa n a l y s i s ,t h e
s y s t e ma t i ce r r o ri na b s o l u t ee n e r g ys c a l ei sc o n s e r va t i ve l ye n l a r g e dt oc ove rt h ee n e r g ys c a l e
s h i f t (+2 . 6 %) f r o mNi - t u n e dMC t h eNi d a t a .F i n a l l y, t h es y s t e ma t i ce r r o ri ne n e r g ys c a l e
be c o me s

+4:1 %
�1:5 %

(ener gy scale) =)
+9:9 %
�3:1 %

(flux of 8B sol ar neutr ino )
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Figure 4.30: Compari son between LINAC data and MC after correcting the energy scale shi ft.
(Data - MC)/Data i s plotted, as a function of LINA C beam energy cal ibrated by the Ge energy
cal ibration system. Upp er �gures for the energy scale, and lower ones for the energy resolution.
Left �gures are for data at (x,y, z)=(-1237,70.7,27)[cm] and right ones are for data at (x,y, z)=(-
1237,70.7,1228)[ cm] . The energy scale in LINA C data i s cal ibrated by the Ge measuremen t.
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The maximum de vi a ti ono fe n e rgyr e so lu t i o ni s4.7%. It i sco n s e r va t i ve l ye mpl oye di nt h e
s y s t e ma t i ce r r o r .I ts h o u l dbe n o t e dt h i sd e v i a t i o ni sn o tc o r r e c t e di no u rMC.

4.5.5 Long-term stability in energy scale measured by �-deca y electrons

Th ema x i mu me n e r g yo f�-d e c ay e l e c t r o n si sa bo u t53 Me Va n dt h es h a pe o ft h ee n e r g y
s pe c t r u m(Mi ch e ls pe c t r u m)i sg i ve nby
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( 4 . 1 0)

I nwa t e r ,h owe ve ra p p r ox i ma t e l y2 0 %o f��s a r ec a p t u r e dby 16O nuc l eus .Hence ,t he vi s i bl e
mean l i f et i me of s t oppi ng�� decr eas est o 1. 8�s ec [37]. Obs er ved mean l i f et i me of muon i n
Super - Kami okande i s 2. 02�s ec . Hence , t he �+=�� r at i obecomes 1. 1i nSuper - Kami okande .
Fur t hermor e ,t he ener gys pect r umof �� decay e l ect r onsbound by 16O i sdi s t or t ed[ 38] . Wi t h
t hi se�ectt aken i nt o cons i der at i ons ,dat aof �- decay e l ect r onsand MC event s ar ecompar ed.

I n Fi g. 4. 31,t heNeff di s t r i but i onsf ordat a and MC ar e s hown. The two s pect r aar e con-
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Fi gur e4. 31:Neff di s t r i but i onsof �- decay e l ect r onsf ordat a(cr os s es) and MC( s ol i dhi s t ogr am
) . The hor i zont alaxi si sNeff and t he ver t i calaxi si snumber of event s .

s i s t ent wi t heach ot her ,except i ngat a l ow- ener gyr egi on.Thi s di �er encei scaus edby 
- r ays
emi t t edf r omr adi oact i ve nuc l e is uch as 16N gener at edby �� capt ur eby 16O i nwat er . The
di �er encei npeakpos i t i onbetweent he two s pect r ai s

Data � MC

MC
= +1:5%� 0:2% ( 22:5kt on�duc i alvol ume )
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The comparison i s i ngood agreement wi ththe LINAC cali brat i onresul twi thi nerrors.

The l ong-termstabi l i ty of energy scal ei s shown i n Fi g. 4. 32. Each poi nt corresponds to

30- day data. The stabi l i ty i nenergy scal ei sest i matedto be � �0:5%.
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Fi gure 4. 32: Long- termstabi l i ty of energy scal e.Eac h poi nt corresponds to 30- day data.

4.5.6 Summary

The metho ds to cal i bratethe absol uteenergyscal eand the energyresol ut i onare summari zed

i nTabl e. 4. 6.Then, the total systemati cerrori ssummari zed as

Parameter cal i brat i onsource

Absol ute energy scal e LINA C

Energy resol ut i on LINA C

Posi t i onvari at i on average of Ni

Ti me vari at i on decay el ectron

Tabl e 4. 6: Summary of the energy scal ecal i brat i onmetho ds

energy scale =
+4:1%

�1:5%
(4. 11)

ener gy resolution =
+4 :7%

�0%
(4. 12)
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Chapter 5

Data Reduction and Analysi s

5.1 Data Set

Super-Kamiokande startedtaki ng data on the 1st of Apri l i n 1996. It took a whi l ebef ore
the operat i ngcondi t i onshave stabi l i zed. In thi sthesi s ,the data taken f romMay 31, 1996 to

Jun 23, 1997 are anal yzed.

Pri orto event reduct i on,bad- qual i ty data setsare thrown away. For exampl e, a PMT was

cont i nuousl y
ashi ng, some data i ncl udednoi syruns, and so on.

Af ter good run sel ect i on,the detectorl i ve t i me i nthi sanal ysi samoun ts to 306. 3days duri ng

whi ch a total of 3 � 108 events are recorded.

5. 2 Event Reduction

5.2.1 First reduction

Af ter good run sel ect i on,the f ol l owi ng sel ect i oncri teri aare appl i edto the data to reject

background events, f or exampl e, cosmi c- ray muons.

1. ID(InnerDetector)Total charge < 1000 p. e. { sel ected

:Thi s i sto rej ecthi gh- energyevents such as cosmi c- ray muons.

2. ID Ti me di �erencef romthe precedi ngevent > 20 �sec { sel ected

: Thi s i sto rej ectel ectronsf rom�- decay.

3. Event statuscut

: Thi s i sto rej ectbad events due to bad hard-ware behavi or l i ke broken onl i nesystem.

4. OD(Outer Detector) tri ggeredevent cut

: Thi s i sto rej ectevents tri ggeredby part i cl eswhi ch come f romoutsi deof the detector.

5. OD hi t< 20 hi ts{ sel ected

: Thi s i ssame as( but t i ghter than ) 4

6. Noi seevent cut 1
: Thi s i sto rej ectnoi seevents caused by PMT or el ectroni cstroubl es.
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7. Flasher PMT event cut
:This i s to reject events caused by sel f-
ashi ng PMTs.

Cri teri on1 i s to rej ecthi gh-energy events. In Super-Kami okande, almost al l the hi gh-energy
events are cosmi c-ray muons and they come i nto the i nner detector at a rate of 2. 2Hz. As these
events emi t man y �Cerenk ov photons, these events can be easi l y rej ected ( Fi g. 5. 1 ). In thi s
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log(Q total [p.e.])

Fi gure 5. 1: Total ID charge( i n uni t of photo el ectrons )di stri buti onof a typi cal raw data. The
events of whi c h ID charge are rej ected.

anal ysi s, threshol d of total ID charge i nan event i s set to 1000 p. e. whi c h i s equi val ent to about
200 MeV for el ectron events. Theref ore thi s cut a�ects real 8B sol ar neutri no events negl i gi bl y.

Cri teri on 2 i s to rej ect el ectrons f rom �-decay. Thi s cut i ntroduces a dead time of about
1:6� 10�4%.

Criterion 3 is to reject pedestal ev ents and ones whic h lac ks in some DAQ information.
The pedestal even t was explained in Section.3.4.2. These ev ents are rejected in this analysis.
The dead time is calculated in an o�-line con version pro cess \TQreal"(see Section.3.7) and it is
subtracted in calculation of the detector live time.

Criteria 4 and 5 are to reject ev ents caused by cosmic-ra y invisible muons whic h come from
outside of the detector, but lea ve a very small amoun t of energy dep osit in the inner detector.
Criterion 6 is to reject noise ev en ts. In this cut, a parameter NS-ratio de�ned by Eq.5.1 is
intro duced and the ev ent whic h satis�es NS-ratio � 0:4 is rejected.

NSratio �
NPMT (�0:49 < QPMT [p:e:] < 0:49)

Nhit�PMT

(5.1)

Criterion 7 is to reject ev en ts caused by 
asher PMTs. If there exist man y hit PMTs
around the largest-c harged(hottest) PMT in an ev en t, the ev ent is cut as 
asher PMT even t.
After these 7 criteria, the total num ber of ev ents is reduced to 1:648 � 10 8( reduction factor is
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1.648�106/3�106=55% ). On the other hand, the detect ione�ci encyfor 8B solar neutri noi s
95%.

5.2.2 Second reduction

Af terthe �rst reduct i on,vertexposi t i onand energy of each event i s reconstructed. The
method of vertexposi t i onreconstruct i onand of energydetermi nat i onaredescri bed i nApp endi x. A
and App endi x. F,respect i vel y. If number of PMTs that are used i n the vertexposi t i onrecon-
struct i oni s too f ew, the resul ti s not rel i abl e.Theref ore, i n thi s anal ysi s ,one requi resthe
f ol l owi ng condi t i ons;

8. Number of PMT used i nthe vertexposi t i onreconstruct i on� 10 ( �2MeV ) - sel ected

9. Goodness > 0. 4{ sel ected

where the goodness i san est i matorof the vertexposi t i onreconstruct i on.I t i sbasi cal l ysi mi l ar
to �2 whi ch i smo di �ed and bound f rom0 to 1 as Eq. A. 7 i nApp endi x. A. A typi cal goodness
di stri but i oni sshown i nFi g. 5. 2.
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Fi gure 5. 2: goodness di stri but i onf or raw data. The hol i zontal axi s i sgoodness, and the vert i cal
axi s i sthe number of event i neach bi n.

Af ter the 2 cuts above reduct i on,we appl y pre- �duci alvol ume cut and pre- energycut :

10. Di stancebetween the vertexposi t i onand the nearestdetectorsurf ace(Dwal l )of ID� 150
cm & Neff � 36. 46hi ts(�5. 3MeV ) - sel ected

where Neff i s a number of hi t PMTs af tercorrect i onswhi ch are detai l edi nApp endi x. F. The
water transparencyi s�xed to 70m i nthi scal cul at i on.To the events sat i sf yi ngthe cri teri on10,
one appl i es:

11. Noi se cut 2
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This selection cri terion uses 2 metho ds to reject noi se events. One i s to reject events withmis�t
vertex posi tion. The other i s to reject events with mis�t di rection. These metho ds are explained
in App endix.C.1 and C.2.

5.3 Final Sampl e

5.3.1 Spallation and 
-ray cuts

Spallation cut

After the 2nd reduction, \spal lation cut" i sappl i ed. In Sup er-Kamiok ande, cosmic-ra y muons
hi t the detector at a rate of 2.2Hz. Some of them whic h are energeti c enough to spal l oxygen
nuclei in water of the inner detector(ID), and occasional ly generate radioactiv e i sotopes. The
events originating from thei r deca ys are cal l ed \spal lation" event. The energy range of spal lation
events i s up to 16MeV as l i sted in Table.5.1.

Isotop e T 1

2

(sec) Deca y mo de Kineti c energy(MeV)
8
2He 0.122 �� 10.66+0.99( 
)

��n (11%)
8
3Li 0.84 �� 12.5�13
8
5B 0.77 �+ 13.73
9
3Li 0.178 �� 13.5(75%)

11.0+2.5( 
)(25%)
��n �10(35%)

9
6C 0.127 �+p 3�13
11
3 Li 0.0085 �� 20.77(31%)

��n �16(61%)
11
4 Be 13.8 �� 11.48(61%)

9.32+2.1( 
)(29%)
12
4 Be 0.0114 �� 11.66
12
5 B 0.0203 �� 13.37
12
7 N 0.0110 �+ 16.38
13
5 B 0.0173 �� 13.42
13
8 O 0.0090 �+p 8�14
14
5 B 0.0161 �� 14.07+6.09( 
)
15
6 C 2.449 �� 9.82(32%)

4.51+5.30( 
)(68%)
16
6 C 0.7478 ��n �4
16
7 N 7.134 �� 10.44(26%)

4.27+6.13( 
)(68%)

Table 5.1: Li st of radioactiv e i sotopes whic h deca y accompanied with � and/or 
-rays of wi th
energies greater than 6.5MeV

A spal lation event has a strong spatial and time correlation with the paren t muon. Therefore,
a l ikel ihood function i s introduced as a pro duct of 3 probabi l i t y functions: 1) time di�erence
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between muon and low-energy event, 2) distance between muon track and l ow-energy event and
3) extra charge1 of muon. The metho d to determi ne these probabi l i ty functi ons i s descri bed i n
Appendi x. E.

The cut val ue i n the l i kel i hood functi on i s determi ned by compari ng the l ow-energy events
before the spal l ati oncut wi th very l ow energy events( �5MeV ) sampl e whi c h are supp osed to
be �- rays f rom 214Bi decay uncorrel ated wi th cosmi c-ray muons. Then, the dead time due to
the spal l ati oncut f or 8B sol ar neutri nos i s estimated to be 20%. The reducti on factor of thi s
cut i s 743517/1. 298�106=76%. The detai l of the spal l ati oncut i s descri bed i nApp endi x. E.

Fiducial volume and energy cut

After the spal l ati oncut, then one appl i es �duci al vol ume cut and energy cut. The requi re-
men t for �duci al vol ume cut:

Di stance between the vertex posi ti onand the nearest detector surf ace( Dw al l ) � 200 cm -
sel ected

The �nal �duci al vol ume i s about 22. 5kton. The requi remen t for energy cut i s :

\ 6:5 � Ee;recoil � 20 MeV ".

The events sati sf yi ngthe cri teri aabove are sel ected. The l ower energy threshol d of 6. 5MeV i s
empl o yed, because the number of events rapi dl y i ncreases bel ow 6. 5MeV. And the tri gger e�-
ci ency curve( Fi g. 3. 20) i swel l reproduced between data and our MC simul ati on above 6. 5MeV.
Theref ore, the events wi th energi es � 6. 5MeV are anal yzed. The hi gher energy bound depends
on the end poi nt energy of 8B sol ar neutri nos ( �16MeV ) and the �ni te detector energy resol u-
ti on( 13% at 16MeV ). Theref ore, some margi n f rom 16MeV bei ng taken i nto accoun t, i t i s set
at 20 MeV.


-ray cut

Fi nal l y, \
- ray cut" i s appl i ed. A characteri sti cof 
- ray events i s thei r di recti on. As thei r
source i ssupp osed to be detector materi al s(the PMTs) and/or the rock surroundi ng the detector,
thei rdi recti onhas a tendency to poi nt i nward i nthe detector( as shown i nFi g. 5. 3, the z-di recti on
di stri buti on i s di storted. ) Hence, i n order to cut them, \e�ective di st ance' ' f rom the i nner
surf ace of the detector(Deff ) i s i ntroduced. The de�ni ti on of \e�ecti ve di stance" i s shown i n
Fi g. 5. 4, where the metho d to reconstruct event di recti oni s descri bed i nApp endi x. B. The Deff

di stri buti ons f or the events before 
- ray cut and 8B sol ar neutri no MC events are shown i n
Fi g. 5. 5. Then, i n thi s anal ysi s, events wi th \e�ecti ve di stance" < 4. 5 m are rejected. Af ter
thi s rej ecti on, the vertex and di recti ondi stri buti onbecome 
at i n the detector coordi nates as
shown i nFi g. 5. 6.

Subsequen tl y, the reducti on factor i s estimated for the data as wel l as f or 8B sol ar neutri no
MC events, as summari zed i nTabl e. 5. 2. From thi s resul t, i t turns out that the S/N i n the data
i s impro ved, whi l e the si gnal l oss caused by the 
- ray cut i s smal l .

1
standard ioni zati onloss subtracted
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Figure 5.3: Zeni th angle di stri buti onof the events before 
-ray cut

reconstructed direction 

reconstructed vertex

effective distance

Super-Kamiokande detector

Fi gure 5. 4: De�ni ti onof e�ecti ve di stance

Energy regi on Real data 8B � MC

6. 5 - 7. 0MeV 56% 92. 2%

6. 5 - 20. 0 MeV 70% 92. 2 %

Tabl e 5. 2: Reducti on factor of 
- ray cut
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Figure 5.5: Deff di stri but i onsfor the events bef ore
-ray ctu( soli dhi stograms) and f or 8B
sol arneutri noMC events( crosses) .

Final sampl e

Fi nal l y, a data set of 59953 events whi ch survi ve af terthe 
- ray cut wi l l be hereaf tercal l edthe
�nal sampl e.

5.3.2 Summary

The whol e event reduct i onsteps are summari zed i n Fi g. 5. 7. In order to est i mate the re-
duct i onf actorsf or 8B sol arneutri noevents, the same event reduct i onprograms are appl i edto
MC- generated 8B sol arneutri no events. In Fi g. 5. 7,remai ni ng number of events i s shown at
each reduct i onstepf orboth data and MC i nparenthesi s .In our MC si mul at i on,neutri nosare
generated, assumi ng the 8B �- decay energy spectrum(Fi g. 2. 3) [9]. To reduce t i me- dependent
systemati cuncertai nt i es(such as change i nwater transparency) , events are generatedi n the
same condi t i onsthat the real data are taken. Fi nal l y, 59953 events remai n i nthe �nal sampl e,
and study of 8B sol arneutri nosi sdone wi th thi s�nal sampl e.

The detect i one�ci ency f or 8B sol ar neutri no events above 6. 5MeV i n the �duci al vol -
ume(22. 5kton) i sest i matedto be 70% by our MC si mul at i on.

5.4 Remaining Bac kground

InFi g. 5. 8,the energyspectrumat each reduct i onstep, togetherwi tha theoret i calpredi ct i on
by the SSM(BP95[ 9 ] ) i sshown. As shown i n thi s�gure, there are man y background events i n
the �nal sampl e. The remai ni ng backgrounds are est i mated to be; the radi oact i vi t i esi n the
detectorwater,remai ni ng spal l at i onevents,and remai ni ng 
- rays f romthe PMTs and the rock
surroundi ngthe detector.The metho d to extractthe 8B sol arneutri nosi gnalwi l lbe expl ai ned
i nSect i on. 6. 1

In Fi g. 5. 8,the number of events i ncreasesrapi dl ybel ow 6. 5MeV. Thi s i s caused by a l ow-
energy background source. The radi oact i vi t i esi nthe water domi nate bel ow 6. 5MeV. In Super-
Kami okande, the domi nan t radi oact i vi t i esare caused by �- decay of 214Bi ( end poi nt energy
= 3. 26MeV ) ori gi nat i ngf rom222Rn whi ch someho w sneaks i nto the detectorwater. The end
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Figure 5.6: Vertex and di recti ondi stri buti onof the events before and af ter 
-ray cut. Soli d

�gures represent the di stri buti onsbefore 
- ray cut and hatched ones represent the di stri buti ons

af ter 
- ray cut. Upper �gures are vertex di stri buti ons f or R*R=x 2+y2 and for z measured i n

the detector coordi nates. Lower �gure i s a zeni th angl e di stri buti onbefore and af ter 
- ray cut.
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May 31, 1996Data: June 23, 1997

Bad run subtraction

Raw Data (Live time  306.3 day)

Number of events

3

total charge < 1000p.e
Time to prev. event > 20µs
Event status cut
OD  cut
Noise event cut 1
Flash PMT event cut

2.131
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1.827
1.661
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1.648
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Vertex reconsturuction

very low-energy event cut
goodness of fitting cut
pre. fiducial and energy cut
Noise event cut 2

Spallation cut

Gamma cut

Fiducial volume cut 
  ( 2m, 22.5 kt )

Energy cut
 ( 6.5 - 20 MeV )

Final data sample
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Figure 5.7: Summar y of event r educt i on.The number si nt he par ent hes i sar e f orMC 8B s olar

neut r i noevent s (� 5year ) whi ch have s ur vi ved af t er�duc i alvol ume and ener gycut s .
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Chapter 6

Results

6.1 Extraction of Solar Neutrino Signal

After data reduction which is explained in Chapter.5, there sti l l remain man y background
events. The next step is to extract a solar neutrino signal from the �nal data sample.

In Sup er-Kamiok ande, recoi l electrons from �e!�e elastic scattering is detected as describ ed

in Section2.4. The direction of the recoi l electron has a strong directional correlation with

inciden t direction of the paren t 8B solar neutrino. Th angle between the solar direction and the

scattered electron direction is de�ned as \�sun" ( Fig.6.1), and the exp ected cos �sun distribution

of 8B solar neutrino events is shown in Fig.6.2.

the SUN

ev
en

t d
ir

ec
tio

n

θ
sun

Super-Kamiokande detector

Figure 6.1: De�nition of �sun

As the bac kground events in the �nal sample come from radioactivities in the detector water,

radioactiv e spal lation pro ducts, and 
-rays from the rock surrounding the detector, their cos �sun
distribution are exp ected to be isotropic in the �rst appro ximation. .

In order to extract 8B solar neutrino events from the �nal data sample, this di�erence in a

cos �sun distribution is used. Figure 6.3 shows a cos �sun distribution of the �nal data sample. A

clear peak is observ ed in the direction of the Sun ( cos �sun = 1 ), whi le the bac kground events

distribute uni formly . Th us, one can obtain number of 8B solar neutrino events by �tting the

data, assuming signal( Fig.6.2 ) plus bac kground.

In this �tting, a maxim um likel ihood metho d is used. The probabi l i t y function for the l ikel i -

83



0

2.5

5

7.5

10

12.5

15

17.5

20

0.5 0.6 0.7 0.8 0.9 1

cos θsun

P
si

gn
al

(c
os

θ su
n
)

Figure 6.2: Expected cos �sun di s t r i but i on( Ps:g:(Ee; cos �sun ) ) of recoi l el ectron. The sol i d,

dashed, and doted l i nes represent 14, 10 and 7 MeV el ectrons, respecti vel y. Eac h functi on i s

normal i zed to one when i ntegrated over -1< cos �sun <1 .

 cosθsun

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

Best-fit
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hood consists of both si gnaland background parts,whi ch are f unct i onsof recoi lel ectronenergy
Ee and cos�sun. The probabi l i ty f unct i onf orthe si gnalpart shown i nFi g. 6. 2,Ps:g:(Ee; cos�sun ),
i s deri ved f romour MC si mul at i onbased on the standard sol armo del (SSM) of Bahcal l and
Pi nsonneaul t(BP95) [9]. The MC si mul atoral soi ncl udesdetectorresponse as wel las propaga-
t i onof the recoi lel ectroni nthe water and of the resul tant �Cerenkov photons.

Probabi l i ty f unct i onf or the background part , Pb: g:(Ee; cos�sun ) depends on the shape of
background di stri but i on.If the di stri but i onof the background i sperf ect l yi sotropi c,the cos�sun
di stri but i onf or the background part shoul d be 
at . Yet , there mi ght be possi bl eani sotropy
i n the background shape. Hence, one adopts a more conservat i ve approach. The background
shape i s �t i n the o�- si gnalregi onwi th a 4th- degreepol ynomi al i n 3 di �erent energy regi ons
separatel y: 6 to 7 MeV, 7 to 10 MeV and 10 to 20 MeV. Systemati c errorsori gi nat i ngf romthe
non- 
at background est i mati onare summari zed i nTabl e. 6. 1.

In order to obtai n the number of 8B sol arneutri no events, the �nal sampl e i s �t wi th a
combi nat i onof theseprobabi l i ty f unct i ons;

P (Ee; cos�sun ; �) = �� Ps: g:(Ee; cos�sun ) + (1� �)� Pb: g:(Ee; cos�sun ) (6. 1)

where � i sthe f ract i onof 8B sol arneutri noevents i nthe �nal data sampl e whi ch i sto be deri ved
by the maxi mum l i kel i hood metho d.

I t shoul d be noted that the parameter � depends on Ee, because the rat i oof si gnal to
background(S/N rat i o)i s a f unct i onof Ee. Hence, the probabi l i ty f unct i oni s cal cul atedf or
the 16 Ee regi ons,where the bi n si zei s 0. 5MeV i n the 6. 5�14MeV regi onand 6MeV i n the
14�20MeV regi on.Then, the de�ni t i onof the probabi l i ty f unct i oni nEq. 6. 1i smo di �ed as

Pi(cos�sun ; �) = �i � Ps: g: ;i(cos�sun ) + (1� �i)� Pb: g: ; i(cos�sun ) (6. 2)

�i = ��
NData
all

NData
i

�
NMC
i

NMC
all

(6. 3)

where Ni i s the number of events i n the i- thEe bi n, Nall i s the total number of events( =PNene

i Ni ) , Nene (=16 i nthi sanal ysi s)i sthe number of Ee bi ns,and superscri ptData and MC

represent the �nal sampl e and 8B sol arneutri noMon te Carl o events, respect i vel y.
The l i kel i hood f unct i oni sde�ned by

L(�) =
NeneY

i

NiY

j

Pj; i(cos�sun ; �) (6. 4)

Fi gure 6. 4shows the L(�) di stri but i onof the �nal sampl e. A val ue�max whi ch maxi mi zes L(�)
i scal cul ated.Then, the number of 8B sol arneutri noevents(NData

8B�
) i s :

NData
8B� = �max �NData

all = 4395 (6. 5)

6.2 Solar Neutrino Flux

Based on the metho d detai l edi n Sect i on. 6. 1,the 8B sol arneutri no si gnal i s extractedas
shown i n Fi g. 6. 3. Duri ng 306. 3 detectorl i ve days, the number(NData

8B�
) of observed el ectrons(

6. 5�Ee �20MeV ) scatteredby 8B sol arneutri nosi nthe 22. 5kton�duci al vol ume i s:

NData
8B� = 4395

+114
�108

(stat :)
+444
�154

(s ys t :) (6. 6)
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Figure 6.4: The li kel i hood di stri buti onof �nal sampl e. Hori zontal axi s represents �, and verti cal
axi s represents l i kel i hood.

where stat: stands for a stati sti calerror and syst: f or a total systemati c error. Indi vi dual
systemati c errors wi l l be di scussed l ater i n Secti on. 6. 5.

Thi s number corresponds to 8B sol ar neutri no 
ux( �Data8B�
) of

�Dat a8B�
= 2:44

+0:06
�0:06

(stat: )
+0 :25
�0:09

(syst:) [�106 cm�2s�1] (6. 7)

whi c h shoul d be compared wi th the theoreti cal 
ux ( �SSMBP95

8B�
) by SSM[ 9]

�
SSMBP95

8B�
= 6:62

+0 :93
�1:12

(theo:) (6. 8)

Then, the rati o of the observed 
ux to SSM predi cti on[ 9] i s

�Dat a8B�

�
SSMBP95

8�

= 0:368
+0 :010
�0:009

(stat: )
+0 :037
�0:013

(syst:)
+0 :062
�0:052

(theo: ) (6. 9)

If one sets a hi gher anal ysi s threshol d energy, e. g, 7MeV, the resul ts above wi l l change to

NDat a
8B�

= 3696
+102
�97

(stat: )
+373
�140

(syst:) (6. 10)

�Dat a8B�
= 2:45

+0 :07
�0:06

(stat: )
+0 :25
�0:09

(syst:) � 106 cm�2s�1 (6. 11)

�Dat a8B�

�
SSMBP95

8�

= 0:371
+0 :010
�0:010

(stat: )
+0 :037
�0:014

(syst:)
+0 :062
�0:052

(theo: ) (6. 12)

They are consi stent wi th those f or 6:5 � 20:0MeV. The de�ci t i n the 8B sol ar neutri no 
ux i s
con�rmed. It shoul d be stressedthat the measured 8B sol ar neutri no 
ux i s consi stent wi th the
Kami ok ande-I I+I II resul t(Ee �7MeV) of 2:80 � 0:19(stat: ) � 0:33(syst:)[�106cm�2s�1] wi thi n
1�.

86



6.3 Day-Night Vari ati onof Solar Neutri no Fl ux

As described in Section.2.3.2, one of advantages of the Sup er-Kamiokande detector i s real-
time measuremen t of the 8B solar neutrino signal . Hence, one can investigate time variation
of the neutrino 
ux. When the MSW e�ect( see Section.2.3.2 ) i s considered, the neutrino
osci l l ation probabi l i t y of 8B solar neutrinos dep ends on path length and electron densi t y pro�le
of the medium which the neutrinos go through. Therefore, regeneration of 8B solar neutrinos
by the MSW e�ect in the Earth i s predicted( see Fig.6.5).
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Figure 6.5: Exp ected day/nigh t 8B solar neutrino 
ux variation, assuming sin2 2�=0.631,
�m2=1 :0 � 10�5, respectively. The right �gure depicts the de�ni tion of Day and N1-N5 in
the left �gure. The de�ni tion of �sun i s describ ed in Fig.2.17.

A possibl e day-nigh t variation inthe 8B solar neutrino 
ux would be free of various systematic
errors, e.g. , solar mo del dep endence, energy scale ambigui t y, long-term gain stabi l i ty of the
detector, etc.

In thi s analysi s, the data are divided into daytime(149.8 days) and nighttime(156.5 days)
samples. The daytime or nighttime samples are taken whi l e the Sun is above or below the
hori zon. In Fig.6.6, cos �sun distributions (6.5� Ee�20MeV) for the daytime and nighttime
samples are shown. After the bac kground subtraction (see Section.6.1), the daytime 
ux (

�
Day Data
8B�

) and the nighttime 
ux ( �Night Data
8B�

) are measured to be;

�
Day Data
8B�

= 2:40 � 0:09( stat :)
+0:24
�0:08

(sys:) [�106 cm�2s�1] (6.13)

�
Night Data
8B�

= 2:48 � 0:09( stat :)
+0 :25
�0:09

(sys:) [�106 cm�2s�1] (6.14)

The di�erence between them is:

Day �Night

Day +Night
= �0:017 � 0:026( stat :)� 0:017( sys:) (6.15)
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Figure 6.6: cos �sun di stri but i onof dayt i medata(lef t)and ni ghtt i me data(ri ght) whi ch corre-
spond to149. 8and 156. 5days, respect i vel y. 6. 5�Ee�20MeV and the �duci alvol ume i s22. 5kton.

The quoted systemati cerrori nEq. 6. 15speci �cto the dayh/ni ght 
ux rat i owi l lbe di scussedi n
Sect i on. 6. 5.Thi s resul ti ndi catesthat therehas been no si gni �cant Day/Ni ght di �erencei nthe
8B sol arneutri no
ux so f ar.

Furthermore, the ni ghtt i me sampl e i s di vi dedi nto 5 sub- sampl es ( N1- N5, see Fi g. 6. 5f or
de�ni t i on) . The cos�sun di stri but i onsof N1- N5 sub- sampl e are shown i nFi g. 6. 7.Then the 
ux
of each sub- sampl e i s shown i nFi g. 6. 8.There i sno evi dence f or a possi bl eday- ni ght vari at i on
i n the 8B sol arneutri no
ux. The i mpl i cat i oni n Fi g. 6. 8,as regards the MSW e�ect , wi l l be
di scussedi nthe next chapter.

6.4 Energy Spectrum of Solar Neutrinos

Another advantage of Super-Kami okande i sthat the energi es(Ee) of recoi lel ectronsscattered
by 8B sol arneutri noscan be measured, as i sdescri bed i nSect i on. 2. 4.Si nce the MSW e�ect i s
dependent on neutri noenergi es,a possi bl edi stort i onmi ght be observed i nthe energy spectrum
of recoi lel ectronsscatteredby them. A study of energy spectrum shape of recoi lel ectrons
provi des a good testf or the MSW e�ect i ndependent of sol armo del s. For exampl e, i nFi g. 6. 9,
a di stortedas wel las reduced energy spectrumby the MSW e�ect i sshown.

In thi sanal ysi s ,the �nal data sampl e i s di vi dedi nto 16 subsampl es i n the Ee di stri but i on.
The bi n si ze i s 0. 5 MeV i n the 6:5 � 14:0 MeV regi on, and 6 MeV i n the 14:0 � 20:0 MeV
regi on, respect i vel y. Then, the 8B sol arneutri no i s extractedbi n by bi n and, the measured
energy spectrumof recoi lel ectronsi sshown i nFi g. 6. 10.The errorbars i ncl udeboth stat i st i cal
and systemati cones, and the bl ack thi ck bar represents correl atedsystemati cerrorwhi ch comes
f romuncertai nt i esi nabsol uteenergy scal eand energy resol ut i on(seeTabl e. 6. 1) .The stat i st i cal
and systemati cerrorsare st i l ltoo l argeto draw any de�ni te concl usi onf romthe �gure. The
i mpl i cat i onof the observed energy spectrumto the MSW e�ect wi l l be di scussedi n the next
chapter.

88



 cosθsun

0

0.1

0.2

0.3

0.4

0.5

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

N1

 cosθsun

0

0.1

0.2

0.3

0.4

0.5

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

N2

 cosθsun

0

0.1

0.2

0.3

0.4

0.5

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

N3

 cosθsun

0

0.1

0.2

0.3

0.4

0.5

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

N4

 cosθsun

0

0.1

0.2

0.3

0.4

0.5

-1 -0.5 0 0.5 1

E
ve

nt
/d

ay
/k

to
n/

bi
n

N5

Figure 6.7: cos �sun distributions of 5( N1-N5 ) nigh ttime subsamples. 6.5 �Ee�20MeV and the

�ducial volume is 22.5kton.
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6.5 Systematic errors

As possi bl e sources of systemati c errors, the f ol l owi ng 10 sources are consi dered for the
estimati on of the systemati c errors.

Energy scale and resol ution Systemati c uncertai nti es i n energy scal e and resol uti on have
been al ready descri bed i nSecti on. 4. 5. Errors comi ng f rom the uncertai nti esare estimated
by putti ng arti �ci al l ythe uncertai nti es i n the 8B sol ar neutri no MC.

Tri gger e�ci ency The tri gger e�ci ency i s estimated by Ni cal i brati on data and the un-
certai nti es are estimated by compari ng i t wi th our Ni MC simul ati on, as descri bed i n
Subsecti on. 3. 8. 2. The di screpancy i s+1:2% for Ee=6. 5�7. 0MeV and �0% for Ee>7MeV.

Noi secut \Noi se cut" stands for the event reducti on cri teri adescri bed i n App endi x. C. 1 and
C. 2. The uncertai nty i n the reducti on cri teri ai s al so descri bed i n App endi x. C. 2. The
maxim um devi ati on of the reducti on factor between our 8B sol ar neutri no MC simul ati on
and the data( typi cal \spal l ati on" events ) whi c h i s estimated i nApp endi x. C. 2 and i s de-
scri bed i nFi g. C. 9, i s+0 :7% above 6. 5MeV. It i sconservati vel yempl o yed i nthe systemati c
error.

Di recti onThe systemati c errors caused by the uncertai nty i n the di recti onreconstructi on of
l ow-energy event are estimated by compari ng our ori gi nal 8B sol ar neutri no MC simul ati on
wi th 8B sol ar neutri no MC simul ati on arti �ci al l ydi stortedwi th respect to the di recti onal
resol uti ondata.
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Reduction The uncertainty i n reducti on e�ci ency i s caused by the 
ash tube event reducti on
cri teri a. The uncertai nty i s estimatedby the di �erence between Ni cali brati on data and
MC( 8B sol ar neutri nos and Ni cal i brati on).

Non-
at B.G. Bac kground shap e i s consi dered non-
at, i . e. appro ximated by a 4th-degree
pol ynomi al functi on i nthe 8B sol ar neutri no si gnal extracti on. The uncertai nty caused by
the bac kground shap e i s estimated by the di �erence i n si gnal assumi ng non-
at and 
at
bac kground shap es.

Dead ti me(spall at i oncut ) The systemati c error caused by the spal l ati oncut f orDay/Ni gh t
vari ati onstudy i s estimated usi ng \random-timi ng sampl e"( see Appendi x. E ).

Cross sect i onThe uncertai nty of the neutri no-el ectronscatteri ngcross secti oncomes f romthe
uncertai nti esof the Wei nberg angl e and the radi ati ve-correcti on.

Li ve ti me As descri bed i n Subsecti on. 5. 2. 1,the detector l i ve time i s cal cul ated by an o�- l i ne
process( TQreal ). Another way to cal cul ate i t i sto use the cosmi c-ray muon or l ow-energy
event tri ggered time. The uncertai nty i s estimated by the di �erence between the two l i ve
days.

Then systemati c errors rel ated to vari ous anal ysi s are summari zed i nTabl e. 6. 1.

Fl ux Da y/Ni gh t Energy Spectrum

Energy Scal e +9. 9 +1. 2 See Fi g. 6. 10
& resol uti on -3. 1 -1. 1

Tri gger e�ci ency +0. 2 - 6. 5�7. 0MeV: +1. 2
other: 0

Noi se cut �0. 7 - �0. 7

Di recti on +1. 7 - �0. 7

Reducti on �0. 2 - �0. 2

Non-
at B.G. �0. 5 Al l , Day-al l , Ni ght-al l :�1. 0 6. 5�7. 0MeV: �3. 0
Da y 1-4, Ni gh t 1-4: �1. 0 other: 0

D5, N5: �1. 6

Dead time(spal l ati on cut) <0. 1 �0. 6 -

Vertex Shi f t -1. 3 - �1. 0

Cross secti on �0. 5 - �0. 5

Li ve time �0. 1 �0. 1 �0. 1

Total +10. 1 D1-4,N1-4,Al l , Dal l , Nal l : �1. 6 See Fi g. 6. 10
-3. 5 D5,N5: +2. 1, -2. 0

Tabl e 6. 1: Summary of systemati c errors. The correl ated errors that come f rom energy scal e
and resol uti onuncertai nti es i n the anal ysi s of the recoi l el ectron energy spectrum i s shown i n
Fi g. 6. 10.
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Chapter 7

Discussions

As seen in Chapter.6, the de�ci t in the 8B solar neutrino 
ux i s con�rmed by 300-da y Sup er-
Kamiok ande data. In thi s chapter, the exp erimen tal status of solar neutrino exp erimen ts i s
summarized �rst. Then, some key-points, l ike how MSW e�ect i s incorp orated into our MC
simulation are bri e
y describ ed. Subsequen tly, a possibl e MSW e�ect wi l l be studied based on
the Sup er-Kamiok ande resul ts describ ed in Chapter.6 including;
the day-nigh t variation in the neutrino 
ux, the energy spectrum shap e, and the combination
of the two plus the absolute value of the neutrino 
ux. This thesi s wi l l not deal wi th possibl e
long-term time variation in the neutrino 
ux and vacuum neutrino osci l l ation scenarios whic h
wi l l be later studied by other col laborators.

7.1 Interpretation of Results from Solar Neutrino Experimen ts

The measured solar neutrino 
uxes by curren t solar neutrino exp erimen ts are l i sted in
Table.7.1.

Exp erimen t Observ ed 
ux SSM BP95 pr edi c t i onDat a/SSMBP95

Homestake 2:55� 0:14� 0:14a 9:3+1:2
�1:4

a 0:273 � 0:021

Kami ok ande- II+III 2:80� 0:19� 0:33b 6:62+0 :93
�1:12

b 0:423 � 0:058

SAGE 69� 10+5
�7

a 0:504 � 0:089

GALLEX 69:7� 6:7+3 :9
�4:5

a 137+8
�7

a 0:509 � 0:059
Com bi ned 69:5� 6:7a 0:507 � 0:049

Super-Kami okande 2:44� 0:06+0 :25
�0:09

b 6:62+0 :93
�1:12

b 0:368+0 :038
�0:016

a In uni t of SNU
b In uni t of 106cm�2sec�1

Tabl e 7. 1: Observed sol arneutri no
uxes by current sol arneutri noexperi ments

The 8B sol arneutri no
ux obtai nedby Super-Kami okande i sconsi stent wi ththat by Kami ok ande-
II+I II wi thi n 1 �. The de�ci t i n the sol arneutri no
ux observed by the �ve experi ments i s
unaccountabl e i n the f ramework of the standard sol armo del (SSM). An al ternat i ve sol ut i oni s
the MSW e�ect . I f neutri noshave smal l �ni te masses and �ni te mi xi ng angl es, they undergo
osci l l at i onsf romone 
avor to another. In such a case, i t i swel l - known that neutri noosci l l at i on
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in matter(the MSW e�ect) seems to be one of natural solutions by which the data of the �ve
experimen ts can be explained. Sev eral physists have already studied the MSW e�ect using the
results from the solar neutrino exp erimen ts other than the 300-da y Sup er-Kamiok ande data. A
recen t work by Hata et.al [18] has been already shown inFig.2.18. In this thesis, a possible MSW
e�ect wi l l be tested based on the 300-da y Sup er-Kamiok ande data.

7.2 How to incorporateMSW e�ect

One numerical ly calculates the two 
avor osci l lation of neutrinos from the center of the Sun
to the Sup er-Kamiok ande detector for di�eren t neutrino osci l lation parameters(sin 2 2�,�m2).
The parameter region of 10�5 � sin2 2� � 1 and 10 3 � E=�m � 10 10 i s divided into 51�71
points. In order to deal with resonance near the core of the Sun, di�eren t 80 points in the core
region( R/R� � 0:31 ) are used as the pro duction points of �e in the case of the parameters of
10�4 � sin2 2� � 1 and 104:6 � E=�m2 � 10 5:1. The distribution of the pro duction points of
neutrinos in the Sun is taken from Ref. [9 ] . The propagation of neutrinos in the Sun is obtained
from numerical integration of Eq.2.29 considering the electron densit y distribution in the Sun.
The electron densit y pro�le( Fig.2.2 ) in the Sun is take from Ref. [9 ] .

Upon exiting the surface of the Sun, neutrino osci l lations in vacuum are calculated. Here ,
the electron densit y is regarded as zero, and the propagation of the neutrino wave functions are
given by 

�e(R� + L)
��(R� + L)

!
=

 
cos �L

L�
+ i cos 2� sin �L

L�
�i sin2� sin �L

L�

�i sin2� sin �L
L�

cos �L
L�
� i cos 2� sin �L

L�

! 
�e(R�)
��(R�)

!
(7.1)

where R� i s the solar radius = 6.96�10 10cm, L i s neutrino travel distance from the solar surface,
and L� i s vacuum osci l lation length( see Eq.2.26 ). To take accoun t of seasonal variation in the
neutrino 
ux due to the orbital eccen trici ty of the Earth, whic h con tributes to randomization
of the phase, the wave functions of neutrinos are calculated at L = 0.10L �, 0.20,L�, 0.30L �, . . . ,
1.0L� (10 points). The neutrino osci l lation probabi l i t y inthe Earth isalso numerical ly calculated
using Eq.2.29 at each L( 10 points ). The osci l lation probabi l i t y in the Earth is calculated at
cos �sun = 0.00, 0.05, 0.10, . . . . ,1.00 ( 21 points ), and then averaged according to the detector
l ive time for eac h cos �sun . And then, the average of the osci l lation probabi l i ties of �e at Sup er-
Kamiok ande is taken. It should be noted that the osci l lation probabi l i ties for the analysis of the
day/nigh t e�ect are not averaged over cos �sun .

7.2.1 Day/Night e�ect

To mak e a quan titative comparison between the data and an exp ected signal from possible
Day-Night variation in 8B solar neutrino 
ux assuming the MSW solution , the fol lowing �2

i s calculated at eac h (sin2 2�, �m2) using the 8B solar neutrino 
ux observ ed in the daytime
sample and 5 nigh ttime sub-samples shown in Fig.6.8.

�2dn =
NdnX
i=1

 
Ri �RMSW;i � �

�dn;i

!2
(7.2)

where Ndn i s the number of the day/nigh t bins( equal to 6 ), Ri i s the measured 
ux ratio in
the i-th day/nigh t bin, RMSW ;i i s the exp ected 
ux ratio in the i-th day/nigh t bin for a set of
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(sin2 2�,�m2), �dn;i is the quadratic sum of the statistical error of Ri and the systematic error,
and � is a normalization factor. The parameter � is determined so as to give the minim um �2

dn .
The �2 values obtained from Eq.7.2 ob ey the normal �2 distribution with two free parameters.
Hence, the regions in the oscillation parameter plane with �2 � �2

min + 2:28 ; 4:61; and 5:99 are
excluded at 68%, 90% and 95% C.L., resp ectiv ely. Figure 7.1 sho ws a con tour of the 95% C.L.
excluded region(Da y/Nigh t) obtained by the 306.3-da y Sup er-Kamiok ande data. The minim um

Hata et.al allowed(95%C.L.)

Day/Night Excluded(95%C.L.)

0-1 -0.5-1.5-2-2.5-3-3.5-4

log(sin 2 )θ2

-5

-6

-7

-8

lo
g(

m
(e

V
))

∆
2

2

-4

-3

Figure 7.1: Excluded region at 95% C.L.( inside of the con tour ) on (sin 2 2�; �m2) plane
obtained by the da y/nigh t e�ect analysis in Sup er-Kamiok ande. Also sho wn is the allo wed
region presen ted by Hata et.al[18 ].

�2dn value is equal to 1.84 at (sin 2 2�; �m2) = (3 :55 � 10 �2; 1:51 � 10 �6) for the 306.3-da y
Sup er-Kamiok ande data.

As seen in this �gure, appro ximately a half of the large mixing angle solution( the �lled
allo wed region in the righ t ) presen ted by Hata et.al[18 ] is newly excluded by the analysis.

7.2.2 Spectral shap e

Using the energy spectrum of the observ ed recoil electrons sho wn in Fig.6.10, another quan-
titativ e estimation of the MSW solution is examined. In this case, the �2 is de�ned by

�2ene =
NeneX
i=1

 
Ri �RMSW;i� �� f(�r; �s)

�ene;i

!2
+

�
�r

�r

�2
+

�
�s

�s

�2
(7.3)

where Nene is the num ber of the energy bins( equal to 16 ), Ri is the measured 
ux ratio in the i-
th energy bin, RMSW;i is the exp ected 
ux ratio in the i-th energy bin for a set of (sin 2 2�,�m2),
�ene;i is the quadratic sum of the statistical error of Ri and the systematic error except for
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that from the energy scale and resolution, � i s a free normal ization parameter, �r and �s are
uncertain ties in energy resolution and scale which are assumed to obey Gaussian distributions
with �r =

+4:7%
�0:0%

and �s =
+4 :1%
�1:5%

, respectively, and f(�r; �s) i s a response function for the bin-to-
bin correlated error from uncertain ties in energy resolution( �r) and scale( �s). In calculation, �r
and �s are varied by �3 standard deviations to obtain the minim um �2ene. The result i s shown
in Fig.7.2. The minim um �2ene = 7.500 occurs at (sin2 2�; �m2) =(0 :166; 6:03 � 10�6). The

Hata et.al allowed(95%C.L.)

Spectrum Excluded(95%C.L.)
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∆
2

2
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Figure 7.2: Excluded region at 95%(inside of the con tour) on (sin2 2�; �m2) plane obtained
by the energy spectrum shap e measuremen t in Sup er-Kamiok ande. Also shown is the al lowed
region presen ted by Hata et.al [18]

regions in the osci l lation parameter plane with �2ene � �2ene;min +2:28 ; 4:61 ; and 5:99 are excluded
at 68%, 90%, and 95% C.L. , respectively. No new constrain t is obtained by the analysis of the
spectral shap e only.

7.2.3 Combined result

Com bining the observ ed Day-Nigh t variation and spectral shap e in the 8B solar neutrino

ux with a constrain t of the absolute 
ux normal ization, the MSW solution is also examined.
In this case, the �2 i s de�ned by

�2comb =
NdnX
j

NeneX
i

�
Ri ; j�RMSW; i ; j� �� f(�r; �s)

�i; j

�2
+

�
�r

�r

�2
+

�
�s

�s

�2
+

�
1� �

��

�2
(7.4)

where Nene i s the number of energy bins( equal to 16 ), Ndn i s the number of the daytime
and nigh ttime samples( equal to 2 ), Ri ; j i s the measured 
ux ratio in the i-th energy bin in
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daytime( j=1 ) or in nigh ttime( j=2 ), RMSW;i;j is the exp ected 
ux ratio for a set of (sin 2 2�,
�m2), �i;j is the quadratic sum of the statistical error of Ri;j and the systematic error except for
that from the energy scale and resolution, and �, �r, �s are uncertain ties in 
ux normalization,
energy resolution, energy scale resp ectiv ely whic h are assumed to ob ey Gaussian distributions
with �� =+14%

�17%
, �r =+4 :7%

�0:0%
, , �s =+4 :1%

�1:5%
and f(�r; �s) is a resp onse function for the bin-to-bin

correlated error from uncertain ties in energy resolution( �r) and scale( �s). In calculating the
minim um �2comb, � is varied from 0 to 5, and �r and �s are varied by �3 standard deviations.

The minim um �2comb = 34.03 occurs at (sin 2 2�; �m2) = (0 :646 ; 1:38 �10 �7). The regions in
the oscillation parameter plane with �2comb � �2comb;min +2:28 ; 4:61 ; and 5:99 are allo wed at 68%,
90% and 95% C.L., resp ectiv ely. The allo wed region is sho wn in Fig.7.3. Lo oking into Fig.7.3,

Hata et.al allowed(95%C.L.)
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Figure 7.3: Allowed region at 95% C.L.( inside of con tour ) on the (sin 2 2�; �m2) plane by Sup er-
Kamiok ande. The con tour is obtained by com bining the observ ed Day-Nigh t time variation and
spectral shap e in the 8B solar neutrino 
ux ,with an absolute normalization constrain t to the
8B solar neutrino 
ux. Also sho wn is the allo wed region presen ted by Hata et.al[18 ].

a small region in the non-adiabatic solution( sin 2 2� � 0:01 ) is further excluded in addition to
appro ximately a half of the large angle solution( around sin 2 2� � 0:6 ).

7.3 Future Pr ospect

Some of the allo wed region by the four solar neutrino exp erimen ts other than Sup er-Kamiok ande
is newly excluded by this analysis. Ho wever, the problem of the solar neutrino de�cit has been
still unsolv ed. In this section, a future prosp ect is presen ted.

In this thesis, the Sup er-Kamiok ande sensitivit y to possible neutrino oscillations has been
limited due to large statistical error and also a large systematic error coming mainly from energy
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determinati onuncertai nti es. Therefore, i t wi ll be re-exami ned i n terms of the energy spectrum
shape and the day/ni ght e�ect assumi ng a nul l experimen tal systemati c error and 4-year detector
operati on of Super-Kami okande.

The expected excl uded regi on on the (si n2 2�, �m2) pl ane i s shown i n Fi g. 7. 4on the as-
sumpti on that the parent functi on i n the �2 obeys the nul l neutri no osci l l ati oncase.
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Spectrum Excluded(95%C.L.)

Fi gure 7. 4: Expected excl uded regi on on the (si n2 2�;�m2) pl ane assumi ng 4-year detector
operati on of Sup er-Kami ok ande and nul l experimen tal systemati c error.

Ei ther of the currentl y al l owed regi on presented by Hata et. al [18] can be excl uded at more
than 95%C.L. ,i nother words, be expl orabl e. Theref ore, further e�orts to reduce the experimen-
tal systemati c errors, especi al l yone f rom the energy scal e uncertai nti es,wi l l l ead us to a cri ti cal
resul t to unequi v ocal l yconcl ude the exi stence or the non-exi stence of the neutri no osci l l ati on.

Another promi si ng experimen t i sSudbury Neutri no Observatory(SNO)[ 39 ] [ 40] whi c h i sunder
constructi on and wi l l start i tsobservati on i n1998. In the SNO detector, 1000 tons of pure D2O
and 7300 tons of pure H2O are used, and the sol ar neutri nos are detected by the fol l owi ng
reacti ons:

1: �e + d ! p+ p+ e�

2: �x + d ! �x + p+ n

3: �x + d ! �x + e�

4: �e + d ! n+ n+ e�

(7. 5)

where �x means �e, ��, and �� . The most i nteresti ng part of the SNO detector i s that the
detector can measure the total 
ux of sol ar neutri nos usi ng the neutral current(NC) reacti on(2),
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even if the electron neutri nos produced at the sol ar core transf orm i nto neutri nos of another

avor. Thi s NC reacti on rate can be used to normal i ze the charged current(CC) reacti on(1)
rate i ndependen t of the sol ar mo del s, and the CC/NC rati o i s used to exami ne the neutri no
osci l l ati on.Another uni que capabi l i ty of the SNO detector i s i ts abi l i ty to measure the energy
spectrum of the el ectronneutri no preci sel yi n the reacti on(1).

99



Chapter 8

Conclusions

The 8B solar neutrino 
ux( Erecoil electron � 6.5MeV ) i s measured by Super-Kami ok ande
based on 306. 3-day data from Ma y 31, 1996 to June 23, 1997.

The total number of recoi l el ectrons scattered by 8B sol ar neutri nos detected duri ng the
detector l i ve days amoun ts to :

4395+114
�108(stat:)

+444
�154(syst:) events: (8. 1)

The observed 8B neutri no 
ux i s :

2:44 � 0:06(stat: )+0 :25
�0:09(syst:)[�10

6cm�2s�1]; (8. 2)

whi ch shoul d be compared wi th the standard sol ar mo del predi cti on(BP95)[ 9 ] :

6:62+0 :93
�1:12(theo:)[�10

6cm�2s�1]; (8. 3)

The rati oof the observed 8B sol ar neutri no 
ux to the expected 
ux (BP95) i s :

0:368+0 :010
�0:009(stat: )

+0 :037
�0:013(syst:)

+0 :062
�0:052(theo: ) (8. 4)

The measured 8B sol ar neutri no 
ux i s consi stent wi th the Kami ok ande-I I+III resul ts(2:80 �
0:19(stat: )�0:33(syst:)[�106cm�2s�1] )wi thi n 1 �, and the de�ci t i nthe 8B sol ar neutri no 
ux(
sol ar neutri no puzzl e ) i s con�rmed.

The data sampl e i s di vi ded i nto the daytime and ni ghttime sub-sampl es, and the di �erence
i s exami ned. No si gni �cant di �erence has been observed. Based on the di �erence, the neutri no
osci l l ati onhypothesi s i ncorporati ng the MSW e�ect i s tested and some new regi on i s excl uded
f rom the currentl y al l owed regi on on the (si n2 2�;�m2) pl ane presented by Hata et al . [ 18] . A
more preci se recoi l -el ectronenergy spectrum than i nKami ok ande i s al so obtai ned. Ho wever, i t
al one, do es not l ead to a new constrai nt to the MSW sol uti on. The combi ned anal ysi s excl udes
another new regi on.

The probl em of the sol ar neutri no puzzl e i s sti l lunsol ved. Ho wever, wi th e�orts to reduce
the experimen tal systemati c errors, i t i s expected to be cl ari �ed by anal yzi ng 4-year Sup er-
Kami ok ande sol ar neutri no data whether sol ar neutri no puzzl e i s due to possi bl eneutri no osci l -
l ati ons or not.
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Appendix A

Vertex Point Reconstructi on(
Low-energy Events )

In this section, a vertex posi tion reconstruction metho d i s describ ed for low-energy( typical ly

�10MeV ) electron events. The description consi sts of the fol lowing 2 steps; 1) hi t PMT selec-

tion, 2) vertex point search. Qual i ty of the vertex �tting i s studied as wel l .

A.1 Hit PMT selecti on

The reconstruction metho d uses posi tion and relative timing information of hi t PMTs. A
typical timing di stribution of hi t PMTs in a low-energy event i s shown in Fig.A.1, where one

sees random o�-timing noi se as wel l as a signal peak made by �Cerenk ov photons. The noi ses

t 1 t 2 t 3 t 4

Figure A.1: A typical timing di stribution of hi t PMTs by a low-energy event(Data). t1 i s the

time of the �rst hi t PMT after 500 nsec, and t4 i s the time of the last hi t PMT. t2 � t3 i s a

signal region describ ed in the 1st sel ection cri teria of hi t PMTs. Therefore, hi ts in t1 � t2 and

t3 � t4 are regarded as noi se hi ts.

are generated by dark curren t of PMTs. In order to minimize the noi ses, one sel ects hi t PMTs
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so as to maximize an estimator \signi�canc e". The de�ni tion of \signi�c anc e" i s as follows;

significance =
Nsigp
Nnoise

; (A.1)

where Nnoise is the number of noise hits in a signal region( see Fig.A.2), and Nsig is the num ber
of hits in the signal region after noise subtraction( Fig.A.2 ).

Nbef

Nsig

NaftNnoise

+ =NallNnoiseNsig

before signal after

T

t1 t 2 t3 t4

Figure A.2: The de�nition of signal and noise hits. t1, t2, t3 and t4 are the same as in Fig.A.1

The actual selection criteria are detailed below:

1. Select a 200 nsec time windo w whic h includes the maxim um num ber of hit PMTs( see
Fig.A.1 and Fig.A.2 ).

2. Estimate the num ber of noise hit PMTs in the selected time windo w. In the estimation,
the follo wing equation is used.

Nnoise = (t2� t3)� Nbef +Naft

(t2� t1) + (t4� t3)
; (A.2)

where Nbef and Naf t are the num ber of hit PMTs in t1 � t2 and in t3 � t4, resp ectiv ely(Fig.A.1
and Fig.A.2).

3. 11 time sub-windo ws with size of 200 �n/11( n= 1,2,....,11) are considered. Then a time
sub-windo w whic h includes the maxim um num ber of hit PMTs is searc hed in the selected
200-nsec time windo w for eac h sub-windo w size. After this, \signi�cance" whic h is de�ned
in Eq.A.1 is calculated for eac h sub-windo w size.

4. Select a sub-timing windo w whic h maximize the \signi�cance".
However if there is a wider time sub-windo w whic h satis�es

(s i gn i fi c a n c e) > (s i gn i fi c a n c e)max � 0:8; (A.3)

the wider time sub-windo w is emplo yed.
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Then, vertex positi on reconstructi on i s done wi thPMTs i n the selected timewi ndo w.

A.2 Reconstruction method

The path l ength of an el ectron f rom a sol ar neutri no i nteracti on i s l ess than 10cm. The
spread of the regi on where �Cerenkov photons are emi tted i s negl i gi bl ei n compari son wi th the
vertex resol uti onof about 70cm( 1� at 10MeV ). Theref ore, one treats the vertex as a poi nt i n
the reconstructi on.

In an i deal case, the pri nci pl e of vertex posi ti onreconstructi on i s to �nd a posi ti onwhi c h
mi nimi zes an estimator

T 2 =
NhitX
i=1

t2res;i; (A. 4)

where Nhit i s the number of hi t PMT sel ectedi nSecti on.A. 1 and tres;i i s the resi dual time of the
i-th hi t PMT af ter subtracti on of photon TOF 1. tres;i i s expressed by the fol l owi ng equati on.

tres;i = ti �
n

c
�

q
(x� xi)2 + (y � yi)2 + (z � zi)2 � tc (A. 5)

= ttof;i� tc (A. 6)

where ti i s arri val time of photons i n i- th PMT, n i s ref racti oni ndex of water, c i s the l i ght
vel oci ty i n vacuum, (x; y; z) i s the vertex posi ti onto be deci ded, (xi; yi; zi) i s the posi ti onof
the i- th PMT and tc i s the peak i n the ttof ;i di stri buti on. Eq.A. 4, however, do es not take i nto
accoun t of a �ni te timi ng resol uti on of the PMT shown i n Fi g. 4. 8. Instead of Eq.A. 4, a new
\goodness" i s i ntroduced by

goodness =
1P
1

�2
i

�

X
i

1

�2i
exp [�

t2res;i

2�2i
] (A. 7)

where �i i s timi ng resol uti onof the i- thPMT. Eac h �i i s i nherentl yPMT-dep enden t, however,
i t i s set to < � >=5nsec. The best �t poi nt yi el ds the l argest val ue of \goodness". The reason
can be shown by fol l owi ng expansi on at ti � T :

goodness �

1P
1

�2
i

�

X
i

1

�2i
(1�

t2res;i

2�2i
)

= 1�
1P
1

�2
i

�

X
i

1

�2i
(
t2res;i

2�2i
) (A. 8)

That i s, to maximi zi ng goodness i s i denti cal to mi nimi ze the fami l i ar �2 val ue. On the other
hand, ti's whi c h are f ar away f rom the mean val ue tc by more than 2� < � > can onl y mak e a
smal l contri buti on to the goodness.

A gri d-search metho d2 i s used to search for the poi nt where goodness becomes maxim um.
The i ni ti alposi ti oni s gi ven by (x; y; z) = (�1590 ;�1590 ;�1710)[ cm] . The mi nimum gri d si ze
i s 5cm.

1Time Of Flight from emitted to detection by PMT
2It is one of general metho d for nonlinear �tting. For example, see \DATA REDUCTION AND ERR OR

ANAL YSIS FOR THE PHYSICAL SCIENCES",p150,1992, by McGra w-Hill, Inc.
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A.3 Quality of reconstruct i on

To estimate the quali ty of the vertex point reconstruction men tioned, data taken in Nickel
cal ibration runs describ ed in sec 4.5.2 are used. In Fig.A.3,the vertex position distribution of
reconstructed 
-ray events from (Ni+Cf ) source are shown together with MC simulation, where
(Ni+Cf ) source is placed at the center of the detector, i .e. (x; y; z) = (35 :3;�70:7; 0:0)[cm]. A

Figure A.3: Vertex position distributions of reconstructed 
-ray events from a Ni cal ibration
run: for data(left) and MC(righ t)

smal l systematic shi ft i s observ ed. Then the possible vertex shi ft i smeasured at several positions
in the detector, as summarized in Table.A.1, where the vertex point is the mean value of the
Gaussian �t and � i s one standard deviation. The systematic shi ft of the reconstructed vertex
point from the real source location is estimated to be 16cm at most and much less than the
standard deviation.

From this �gure, i t i s concluded that the vertex position and resolution are wel l repro duced
in then MC simulation.
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position(x,y ,z) �x �y �z �x �y �z �r

(35.3,-70.7,-1200) -0.3 -2.7 -3.0 47.98 49.28 47.66 115.8

(35.3,-70.7,0) 0.7 -0.5 -1.9 47.11 49.23 52.80 114.2

(35.3,-70.7,1200) -1.0 -0.7 -1.0 46.87 48.17 47.88 113.6

(35.3,-70.7,1600) -0.6 -2.8 -10.0 46.98 46.40 44.67 111.6

(35.3,-1201,-1200) -3.4 7.0 -7.0 46.91 47.65 47.40 110.7

(35.3,-1201,0) -1.1 16.0 -1.1 42.70 43.16 50.08 113.0

(35.3,-1201,1200) 0.6 10.0 2.0 43.74 44.92 48.74 109.4

Table A.1: Vertex position shift and resolution( 1 standard deviation ) in unit of cm measured

at sev eral positions in the detector
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Appendix B

Reconstruction of track di recti on(
Low-energy Events )

B.1 Reconstruction Method

A maximum li kel i hood ch a ra c te r i ze dby t h e�Ce r e nkov r i n gpa t t e r nme t h od i sa d o p t e dt o
r e c o n s t r u c tt h ed i r e c t i o no fl ow-e n e r g ye l e c t r o ne ve nt .A l i ke l i h ood f u n c t i o n( L(

�!
d ) ) i sd e �n e d

by :

L(
�!
d ) =
X

i

log(f(co s�dir;i) )�
c o s �i

a(�i)
; ( B. 1)

wh e r et h ep r o b a b i l i ty f u n c t i o nf(�dir ;i) ,a n d�dir ;i a r ed e p i c t e di nFi g . B . 1 ,a n d�i i sp h o t o n

i n c i d e nt a n g l eo ft h ei - t hPMT, a(�i)
cos �i

is acceptance function of photo-catho de-co verage. The

particle direction

i-th PMT

θdri,i

Figure B.1: The left �gure illustrates the de�nition of �dir ;i. The righ t �gure sho ws a �Cerenk ov

photon detection probabilit y as a function of op ening angle of �Cerenk ov ligh t photons( angle

with resp ect to the particle trac k direction).

function f(�dir ;i) in Fig.B.1 is obtained by a MC simulation for 10MeV electrons. Ideally , the

broad probabilit y function would ha ve a sharp peak at 42o corresp onding to the �Cerenk ov ligh t
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emission angle inwater by a relativi sti ccharged parti cl e. However, smearing due to the el ectron
multipl e Coulom b scatterings and �Cerenk ov l ight scatterings in water have to be considered.

The di rection i s determined by a maxim um-l ik el ihood metho d. To �nd the maxim um-
l ikel ihood value, a grid-searc h metho d(fo otnote A.2) i s as usual emplo yed, too. The step si zes
of the grid-searc h are 20�; 9�; 4�; 1:6�. The ini tial di rection i s given by a vector sum of hi t-PMT
direction vectors measured from the reconstructed vertex posi tion.

B.2 Quality of reconstruct i on

The qual i ty of the di rection �tter i s estimated by LINAC data taken at four di�erent en-
ergi es( 8.826, 10.9609, 13.6666, 16.301 MeV ) with the beam end cap located at (x; y; z) =
(�1237 ;�70 :7;+1228)[cm]. Figure B.2 shows the di stribution of the angle between the di rec-
tion of the el ectron from LINA C and the reconstructed di rection, together with a LINA C MC
simulation. The di�erence between real and reconstructed angles i s due mainly to el ectron mul -

beam energy = 16.301 MeV

angular distribution for each linac energy

0
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Figure B.2: Distribution of the angle between the di rection of the el ectron from LINA C and the
reconstructed di rection. The sol id l ines represen t MC and the crosses represen t LINA C data.

tipl e Coulom b scatterings in water. As seen in thi s Fig.B.2, the MC repro duces the LINA C
data correctly. Using thi s MC, the di rectional resolution at various posi tion and energies are
estimated, as are shown in Fig.B.3. They demonstrate that the angular resolution becomes
worse when the di stance from the wal l i s l ess than 2m, i . e. outside of the �ducial volume.
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Figure B.3: The angular resol uti on cal cul ated by the MC simul ati on at several energi es and

posi ti ons.
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Appendix C

Noise cleaner

C.1 Vertex Positi onCleaner

In this chapt er, a met hod t o e li mi nat emi s �t (� wr ongver t expos i t i on)event s i sdes cr i bed.
The mi s �t i scaus edby a r andomcl us t erof hi tPMTs i nt he s e l ec t edt i me s ub-wi ndow ot her

t hant r ues i gnal .An exampl ei ss hown i nFi g. C. 1.wher e ,a c l us t erof hi tPMTs i spr oducedby

NUM          1
RUN       1715
EVENT    48100
DATE  96-May-27
TIME   19:54:25

TOT PE:   149.4
MAX PE:    15.9
NMHIT :    86
ANT-PE:   157.7
ANT-MX:    11.3
NMHITA:    37

RunMODE:NORMAL
TRG ID :00000011
T diff.:0.298E+06us
       : 298.    ms
FSCC:           0
TDC0: -1127.2
Q thr. :   0.0
BAD ch.:  masked
SUB EV :  0/ 0

Fi gur eC. 1: Typi call ow- ener gyevent whi ch wi l lbe r emoved by t henoi s ec l eaner .Lar gedot t ed

c i r c l er epr es ent s t he �Cer enkov r i ngr econs t r uct ed(wr ongl y) by t he l ow- ener gyevent �t t er .


- r ays emi t t edf r omdet ect ormat er i al s ,e . g. ,PMT gl as s (Fi g. C. 2) .

I nt hi smet hod, 2 par amet er s ,�lij and �tij ar ei nt r oduced,wher e �lij i sdi s t ancebetween
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γ

Super-Kamiokande detector

Figure C.2: Car too no fa typi ca lmi s�tl ow-e n e r g ye ve nt .

t hei- t ha n dt h ej- t hh i tPMT( Fi g . C. 3),a n d�tij i st i med i �e r e n c ebe twe e nt h ei- t ha n dt h e

j- t hh i tPMT. If t h ei- t hPMT doe s n 'th ave a ny n e i g hbo r i n gPMTs wh i ch s a t i s f y�lij � llimit

vetex point

Cerenkov light
v

∆ lij

i-th PMT

j-th PMT

Fi gur eC. 3 :De �ni t i o no f �ijl

and �tij � tlimit , the PMT i s not used f or the vertexposi t i onreconstruct i on,where llimit i s

set to 700 cm and tlimit i s set to 35 nsec. These upper l i mi tsare determi ned by usi ngLINAC

5. 87-MeV( reconstructedel ectronenergy=5. 5�6. 5MeV ) data, so that 74% of the hi t PMTs

ma y sat i sf ythe above condi t i onsat 5. 87MeV.

Then the vertexpoi nt( Vcleaner ) i s reconstructedusi ng onl y PMTs whi ch sat i sf ythe con-

di t i onsabove. Subsequent l ythe di �erence(�V ) between Vcleaner and the l ow- energy recon-

structedvertexposi t i onby the normal l ow- energy �tter(Vfitter ) i spl ottedFi g. C. 4. As i sseen

i n Fi g. C. 4, �V become worse i n l ower- energyregi on. Events wi th �V greater than 500cm
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Figure C.4: �V distribution of low-energy ev en ts before \spallation cut" ( cf. Fig.5.7 ) in the

6.5�20MeV region(left) and in the 6.5�7.0MeV region(righ t)

are eliminated as mis�t. To demonstrate the reduction power of this noise cleaner, cos �sun
distributions before and after this noise cleaner are sho wn in Fig.C.5, whic h indicate that the

bac kground rejection power of noise-cleaner is ab out a factor of 1:5 � 2, and that is more

e�ectiv e in lower-energy region.

C.2 Direction Cleaner

A mis�t direction occurs in ev ents with the vertex position near the edge of the �ducial

volume, as is sho wn in Fig.C.6. To reject suc h mis�t ev ents, Kolmogoro v-Smirno v( K-S ) test

is used. The K-S test is a general statistical test whic h is applicable to un binned distributions

that are functions of a single indep enden t variable, that is, to data sets where eac h data poin t

can be asso ciated with a single num ber( for example, lifetime of eac h ligh tbulb when it burns

out, or declination of eac h star).

It is assumed that positions of hit PMTs uniformly distribute along the �Cerenk ov ligh t ring.

Under this assumption, hit PMT num ber is used as the angle ' indep enden t variable and a
cum ulativ e distribution as a function of azim uth angle of hit PMTs as sho wn in Fig.C.7 is used

for the test. Ideally , the cum ulativ e distribution function should beha ve like a dashed straigh t

line in the lower-left-�gure in Fig.C.7. Distance between the two solid lines named \dirks"

illustrated by an arro w in Fig.C.7 is used as estimator of the K-S test. The \di rks" distributions

of the data( before \spallation cut(cf. App endix.E)) and MC ( 8B solar neutrinos ) are sho wn

in Fig.C.8. The ev ents with \di rks">0.4 are thro wn away.

Finally , the \di rks" cut com bined with \Vertex cleaner" describ ed in Section.C.1 is applied

to the data before \spallation cut(cf. App exdix.E)" and the MC. The reduction function is

estimated for the data( typical \spallation" ev en ts ) and MC, as is sho wn in Fig.C.9. The

\spallation" ev en ts are supp osed to ha ve a uniform vertex position distribution over the �ducial
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Figure C.5: cos �sun distribution of low-energy even ts \spallation cut"(cf. Fig.5.7) before and

after vertex position position cleaner; for 6.5�20MeV(left) and for 6.5�7.0MeV(righ t), resp ec-

tively. The solid( dashed ) line represen ts data before( after ) vertex position cleaner.

NUM       1061
RUN          0
EVENT     1061
DATE  96-May-31
TIME    6:17: 0

TOT PE:   169.6
MAX PE:     6.2
NMHIT :   112
ANT-PE:     0.0
ANT-MX:     0.0
NMHITA:     0

RunMODE:MonteCarlo
TRG ID :00000000
T diff.:   0.    us
       :   0.    ms
FSCC:           0
TDC0: 14910.0
Q thr. :   0.0
BAD ch.:  masked
SUB EV :  0/ 0

DIR: 0.39, 0.42,-0.82
X:  -200.7cm
Y:  -507.2cm
Z:  1422.2cm
R:   545.5cm
NHIT:   48
good:   0.77

Figure C.6: A typical MC direction-mis�t ev en t. Larger circle is the wrongly reconstructed
�Cerenk ov ring, while the smaller one is the �Cerenk ov ligh t ring exp ected from the true electron

direction.
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NUM          1
RUN       1742
EVENT      604
DATE  96-May-31
TIME    4:32:18

TOT PE:   155.9
MAX PE:     6.8
NMHIT :   116
ANT-PE:    74.8
ANT-MX:     8.5
NMHITA:    22

RunMODE:NORMAL
TRG ID :00000011
T diff.:0.251E+06us
       : 251.    ms
FSCC:           0
TDC0: -1117.8
Q thr. :   0.0
BAD ch.:  no mask
SUB EV :  0/ 0

DIR:-0.86,-0.14, 0.50
X:   963.1cm
Y:  -895.2cm
Z:  -375.7cm
R:  1314.9cm
NHIT:   48
good:   0.69

NUM        309
RUN       1743
EVENT   124510
DATE  96-Jun- 1
TIME    0:59:57

TOT PE:   124.2
MAX PE:    12.6
NMHIT :    94
ANT-PE:   184.0
ANT-MX:    10.9
NMHITA:    37

RunMODE:NORMAL
TRG ID :00000011
T diff.:0.390E+06us
       : 390.    ms
FSCC:           0
TDC0: -1129.2
Q thr. :   0.0
BAD ch.:  no mask
SUB EV :  0/ 0

DIR:-0.92, 0.40,-0.07
X:  1205.2cm
Y:  -688.2cm
Z:  -289.4cm
R:  1387.8cm
NHIT:   32
good:   0.63

Figure C.7: Typical cum ulativ e distributions of low-energy ev en ts. The upp er-left(righ t) �gure

demonstrates a typical well-�t(mis�t) ev ent whic h giv e the lower-left(righ t) cum ulativ e distri-

bution. The dashed line in a lower �gure is the exp ected line, from whic h the two parallel solid

lines pass the farthest data poin t on either side of the exp ected line.
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Figure C.8: \Dirks distributions of real data( Before \spallation cut", 200-da y data(cf.

App endix.E)) and 8B solar neutrino MC even ts. Upp er �gures are real data, lower ones are

MC 8B solar neutrino data. In the num ber ratio in these �gures, the numerator is the num ber

of rejected evens and the denominator is the num ber of total ev ents.
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Figure C.9: Reducti on factor of the Noi se cleaners( vertex + di recti on) as the functi on of recoi l

el ectronenergy, f or \spal l ati on"data and MC 8B sol ar neutri no events. The sol i d(dashed) l i ne

i s the reducti on factor f or the 8 sol ar neutri no data(MC).

vol ume. The data and MC data keep good consi stency above the anal ysi s threshol d energy of

6. 5MeV. The di �erence i s at most 0. 7% and i t i s taken accoun t i n systemati c errors.
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Appendix D

Muon track �tting

The event rate of cosmic-ray muons i nSuper Kami ok ande i s about 2 Hz. They emi t a lot of

photons i n the i nner detector(ID), typi cal l y greater than 1000 photo el ectron(p. e. ),and hi t the

outer detector(OD) as wel l . In Fi g.D. 1, a typi cal cosmi c-ray muon whi c h penetrates the detector

i s shown. They are not di rect bac kground agai nst 8B sol ar neutri nos, however, some of them,

especi al l y, energeti c enough i nduce a seri ous bac kground named \spal l ati onevents". Whi l ethey

entrance point(P ent )

exit point(P exit)

NUM          5
RUN       2945
EVENT       33
DATE  96-Oct-11
TIME   10: 5: 7

TOT PE: 78258.3
MAX PE:   255.4
NMHIT :  9499
ANT-PE:   299.0
ANT-MX:    27.4
NMHITA:   153

RunMODE:NORMAL
TRG ID :00001011
T diff.:0.123E+06us
       : 123.    ms
FSCC:       20000
TDC0:  8909.0
Q thr. :   0.0
BAD ch.:  masked
SUB EV :  0/ 0

Fi gure D. 1: A typi cal cosmi c-ray si ngl e-track muon whi c h goes through the detector. In the

event, the entrance poi nt i s at the upp er- l ef tcorner of barrel regi on, whi l e the exi t poi nt i s

l ocated i n ri ght-mi ddl e of the barrel regi on. The l arge ci rcl ei ndi cates the �Cerenkov ri ng edge

estimated by the muon-�tter.

are passi ng the detector, they occasi onal l y spal l 16O nucl ei i n the detector water and produce

radi oacti ve i sotopes. The l ow-energy events whi c h ori gi nate f rom these radi oacti ve i sotopes are

\spal l ati onevents". The detai l s of spal l ati onevents wi l l be descri bed i nApp endi x. E, however,

they have the fol l owi ng characteri sti c:
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� Their vertex posi ti onsare located al ong the parent muon track.

� The parent muon l eave a l arge energy deposi t.

� Time di �erence between the parent muon and a spal l ati onevent are characteri zed by decay
l i fetime of the produced radi oacti ve i sotopes.

To reject spal l ati onevents, i t i s necessary to reconstruct the parent muon track as accuratel y as

possi bl e.

In thi s chapter, a metho d to reconstruct a muon track wi l l be presented. A metho d to rej ect

spal l ati onevents wi l l be descri bed i n the next chapter.

D.1 Reconstruction method

A typi cal � hi ts a l arge number of PMTs. A brute-f orce reconstructi on metho d such as

descri bed i n metho d descri bed i n App endi x.A woul d spend enormous computer CPU time: It

shoul d be noted that the cosmi c-ray muon rate i s�2Hz. A muon �tter shoul d be much faster

than 2Hz. In order to reduce the CPU time, the muon �tter i s comp osed of 2 stages: f ast and

preci se �tter. A 
ow chart of the muon reconstructi on al gori thm i s shown i n Fi g.D. 2. Muons

Fast reconstruction

1st Judgement

Precise reconstruction

2nd Judgement
succeed

fail

succeed

fail

excess charge
event

fail

use fast-reconstruction 
result

Finish reconstruction
µ(fit )reconstruction fail

µ(unfit )µ(fit )

Fi gure D. 2: Schemati c vi ew of the � reconstructi on

are then cl assi �ed i nto 2 categori es: wel l �t muons and un�t muons. The track i nformati on of
un�t muons i s not, of course, used i n the spal l ati oncut. The treatmen t of �t as wel l as un�t

muons i n the spal l ati oncut are gi ven i nApp endi x. E.

D.1.1 Fast reconstruction metho d

The entrance posi ti on( Pent ) i s gi ven by the posi ti onof the earl i esthi t-PMT i n ID whi c h

has more than 2 nei ghbori ng PMT hi ts wi thi n 5 nsec.

The PMTs around the exi t poi nt detect enormous amoun t of �Cerenk ov photons, because the

si zeof �Cerenk ov ri ng becomes rel ati vel y smal l er. Then, the exi t poi nt i s gi ven by the center of

xvi i



gravity of charge-saturatedPMTs wi thcharge>231 photoelectron(p.e. ).The saturat i oni sdue
to the l i mi tedADC ( anal og- to- di gi talconverter) dynami c range.

The di rect i on~c i saccordi ngl yde�ned by:

~c =
NX

i

Qi~pi=j
NX

i

Qi~pij (D. 1)

where N i s the number of charge- saturatedPMTs, Qi i s a charge recordedby the i- thcharge-
saturatedPMT and ~p i sa vector f romthe entrance to the i- thsaturatedPMT.

D.1.2 1st Judgment

To judge the qual i ty of the f astmuon �tter,the f ol l owi ng 2 di stancesare i ntroduced;

� Lent : the di stancebetween the posi t i onof each charge- saturatedPMT and the entrance
posi t i on

� Lexit : the di stancebetween the posi t i onof each charge- saturatedPMT and the exi t
posi t i on

Then i t i s requi redthat at l eastone charge- saturatedPMT whi ch sat i s�esboth Lent > 300cm
and Lexit < 300cm( \geometrical condi t i on" ) . These requi rements are to rej ectstoppi ngmuons
whi ch stopi nsi dethe detectorand mul t i pl emuons as shown i nFi g. D. 3.If an event doesn't sat i sf y

NUM        165
RUN       2945
EVENT    10871
DATE  96-Oct-11
TIME   10:24:43

TOT PE: 43605.9
MAX PE:   242.0
NMHIT :  8253
ANT-PE:   178.1
ANT-MX:    34.4
NMHITA:    90

RunMODE:NORMAL
TRG ID :00001011
T diff.:0.238E+06us
       : 238.    ms
FSCC:       20000
TDC0:  8897.2
Q thr. :   0.0
BAD ch.:  no mask
SUB EV :  0/ 0

NUM        143
RUN       2945
EVENT     9424
DATE  96-Oct-11
TIME   10:22: 9

TOT PE: 33136.8
MAX PE:   270.8
NMHIT :  4775
ANT-PE:   732.6
ANT-MX:    47.4
NMHITA:   328

RunMODE:NORMAL
TRG ID :00001011
T diff.:0.359E+06us
       : 359.    ms
FSCC:       20000
TDC0:  8909.0
Q thr. :   0.0
BAD ch.:  no mask
SUB EV :  0/ 0

Fi gure D. 3: A typi cal stoppi ngmuon event( l ef t)and mul t i pl e-muon event(ri ght) . The mul t i pl e-
muon event has two tracks.

thesecondi t i ons,the f astreconstruct i oni sj udged to have f ai l ed,and the event goes to the next
step, i . e. the preci semuon �tter. When the number of charge- saturatedPMTs i s l arge,the
f astmuon �tter l ose i tspreci s i on.For thi s reason, muons whi ch emi t too man y photons are
rej ected,even i f they pass geomet ri cal condi t i on. These muons are ref erredas \excess charge

event" whi ch have ResQ > 25; 000[p:e], where ResQ i sde�ned by

ResQ= Qtotal � L� � 23; (D. 2)

i nwhi ch Qtotal (p: e:) i s total charge of an event , L�(cm) i smuon track l engthi n the tank, and
23 p. e. /cmi sthe averagemeasured energy deposi tby a penetrat i ngmuon. They al sogo to the
next steptoo.
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D.1.3 Precise reconstruction

When the fast muon �t t erf ailst o �t an event , t he pr eci s er econs t r uct i oni sappl i edt o t he

event . It i sal s oappl i edt o excess charge event . Thi smet hod i s i npr i nc i pl eal mos tt he s ame

as t he one empl oyed i nt he ver t expos i t i onr econs t r uct i onof t he l ow-ener gyevent s . The onl y

di �er encel i e st hatt he�ni t emuon t r ack l engt hi st aken i nt oaccount i nt hemuon �t t erwher eas

t hel ow- ener gy(10MeV)e l ect r ont r ack i sappr oxi mat edas poi nt - l i ke i nt hever t exr econs t r uct i on.
The pr ec i s emuon �t t eri sbas edon a gr i ds ear ch met hod us i ngt he f ol l owi ng goodness as an

es t i mat or ;

goodness =
1P
1

�2
i

�

X
i

1

�2

i

exp

"
�

1

2

�ti � T

1:5�i

�
2

#
(D. 3)

ti = Ti �
l�(Pexit)

c
�

lph(Pexit )

c =n
(D. 4)

where T i sthe t i me when a muon hi tsID, �i i st i mi ng resol ut i onof the i - thPMT set uni f orml y

to 3 nsec, Ti i shi t t i me of the i - thPMT, c i s the l i ght vel oci ty i nvacuum, n i sref ract i oni ndex

of water(1. 334) ,and l�(Pexit ) and lph (Pexit ) aremuon 
i ght di stanceand �Cerenkov photon 
i ght

di stancewhi ch are dependent on the muon exi tpoi nt(Pexit ) , respect i vel yas shown i nFi g. D. 4.

The muon exi tpoi nt( Pexit ) i s i teratedwi th the �xed entrance ( Pent ) al readydetermi ned by

lph

Cosmic ray µ

i-th PMT

lµ

Super-Kamiokande detector

photon

(P exit)
(P exit)

Pexit

Pent

Fi gure D. 4: De�ni t i onof l� and lph f or preci semuon �tter.

the f astmuon �tter so as to maxi mi ze goodness .

D. 1 . 42n dJu d gme nt

Events whi ch sat i sf ythe f ol l owi ng 3 condi t i onsare de�ned as �t-�

� Lent > 300cm

� Lexit < 300cm
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� goodness > 0:88

where Lent is the di stancebetween the posi t i onof each charge-saturatedPMT and the entrance

posi t i on,and Lexit i s the di stancebetween the posi t i onof each charge- saturatedPMT and the

exi tposi t i on.

Events whi ch don't sat i sf ythe 3 condi t i onsabove are classi �edas un�t �, other than excess

charge events. Excess charge events whi ch don' t sat i sf ythe 3 condi tons above are cl assi �edas
�t � as wel l ,whi ch use the f astreconstruct i onresul t .

D.2 Quality of reconstruct i on

D.2.1 Event type dep endence of the muon �tter

To est i matethe qual i ty of the muon track reconstruct i on,1000 real events are studi ed.

These events are cl assi �edi nto 5 categori es;cl earsi ngl e- track muon, stoppi ngmuon, hard

i nteract i onmuons, edge cl i ppi ngand mul t i pl emuons. The de�ni t i onsare as f ol l ows;

� stoppi ngmuon: muon whi ch stop i nsi dethe detector

� hard i nteract i onmuons, where ResQ i sgreaterthan 25, 000p. e.

� edge cl i ppi ng: track l engthi s l essthan 5m

� mul t i pl emuons : more than 1 muon are detectedi nan event .

� cl earsi ngl e- track muon

In Tabl e. D. 1,thi scl assi �cat i oni ssummari zed. The f ract i onof un�t muon i sapproxi matel y6%.

� type number of event number of un�tted event

cl earsi ngl e 835 5

stoppi ng 10 8

hard 41 2

edge cl i pper 58 19

mul t i 56 28

total 1000 62

Tabl e D. 1: Ev ent type dependence of the �- �tter

D.2.2 Track reconstruction resolution

The reconstructedPent (�tter) and Pexi t(�tter)are compared wi th those ( Pent (MC) and

Pexi t(MC) ) gi ven by a MC event generat i on.The di �erencei ncenter poi nt of the muon track

between these2 metho ds i staken as track reconstruct i onresol ut i on,as i sshown i nFi g. D. 5.The

track resol ut i on(1�) i sest i matedto be 59cm f or a typi cal s i ngl e- track penetrat i ngmuon.
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resolution i s estimated to be 59 cm.
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Appendix E

Spallation cut

E.1 Basic Idea

As described inApp endix.D, \spallation events" which originate from long-l ived radioactiv e
i sotopes induced by an energic cosmic-ra y muon become serious bac kgrounds against 8B solar
neutrino events. Li st of spal lation radioactiv e i sotopes whic h deca y via � and/or 
 deca ys i s
summarized in Table.5.1. A spal lation event has a strong spatial and time correlation with i ts
preceding paren t muon. The paren t muon tends to have higher energies than an unbiased muon,
as wel l . On the contrary, non-spal lation events, e.g. , 8B solar neutrinos, �-rays from 214Bi deca y,

-rays from outside of the detector, have no such correlation. To judge how a low-energy event
looks l ike a spal lation event, a spal lation l ikel ihood function i s de�ned. Then the reduction
factor of the spal lation cut i s estimated.

E. 2 Li ke li hood func ti o n

First, the fol lowing 3 parameters, DT , DL and ResQ, related with a paren t muon are de�ned:

DT i s time di�erence between low energy event and the preceding paren t muon.

DL i s the shortest di stance between the muon track and the vertex posi tion of the low energy
event.

ResQ i s the residual muon charge as de�ned inEq.D.2 Then, the spal lation l ikel ihood function
i s expressed by:

Lspa(DL; DT;ResQ) = LDLspa(DL; ResQ) � LDTspa (DT ) � LReqQspa (ResQ) (E.1)

for �t muons whic h have muon track information

= LDTspa (DT ) � LReqQspa (ResQ) (E.2)

for un�t muons whic h have no muon track information

( see App endix :D )

where LDLspa(DL; ResQ), LDTspa (DT ), and LResQspa (ResQ) are three l ikel ihood functions describ ed
below.
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E.2.1 LDL
spa(DL;ResQ)

Six DL distributions (Li
t�correlated(DL); i = 1; 6) are made for pairs of time-correlated(

DT < 0:1sec ) low-energy ( Neff�50(�8MeV) ) ev en t before the spallation cut and the preceding
muon, as is sho wn in Fig.E.1, where the subscript i represen ts one of six Re s Qregions: 1)
Re s Q< 2:5�10 4[p: e :], 2) 2:5�10 4 � Re s Q< 5:0�10 4[p : e :], 3) 5:0�10 4 � Re s Q< 1:0�10 5[p : e :],
4) 1:0 � 10 5 � Re s Q< 5:0 � 10 5[p : e :], 5) 5:0 � 10 5 � Re s Q< 1:0 � 10 6[p : e :], and 6) Re s Q�

1:0� 10 6[p : e :].

ResQ 2.5 [x p.e.]104< 2.5 << ResQ 5 [x10
4

p.e.]

4
ResQ< <5 10 [x10 p.e.] 1 < ResQ < 5 [x10 5 p.e.]

5 510< ResQ < [x10 p.e.] ResQ 1
6

[x10 p.e.]>

Figure E.1: DL distributions. DL distribution are made in 6 Re s Qregions: � 2:5 � 10 4[p : e],
2:5�10 4 � 5�10 4, 5�10 4 � 1�10 5, 1�10 5 � 5�10 5, 5�10 5 � 1�10 6, > 1�10 6. Solid line
represen ts the time-correlated low-energy ev ents and dashed line stands for the non-spallation
event.

Then, six DL distributions ( Li
non�spa(DL); i = 1; 6 ) are also made for pairs of fak e low-energy

event whic h are generated uniformly in the �ducial volume(22.5kton) by a MC simulation and
a real cosmic-ra y muon reconstructed by the muon �tter ( see App endix.D ), as is sho wn in
Fig.E.1. The time corrlated ev ents ha ve a sharp peark in a small DL region, whereas non-
spallation ev en ts distribute in a smo oth phase space. Those peak ev ents are treated as true
spallation ev ents. Then, the probabilit y functions PDL

spa (DL) and PDL
non�spa(DL) are calculated

as follo wes:

PDL
spa (DL)

i = Li
t�correlated(DL)� Li

non�spa(DL) (E.3)

PDL
non�spa(DL)

i = Li
non�spa(DL) (E.4)

And a likeliho od function

Li
spa(DL) =

PDL
spa (DL)

i

PDL
non�spa(DL)

i
(E.5)
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is de�ned and shown i nFi g.E. 2

Resq<2.5x10

5<Resq<10x10

5<Resq<10x10

4p.e.

4p.e.

5p.e.

2.5<Resq<5x104p.e.

1<Resq<5x105p.e.

Resq>1x106p.e.

Fi gure E. 2: Li
spa(DL) di stri buti ons.

Then as shown i nFi g. E. 2, a �t i smade to Li
spa (DL;ResQ) , assumi ng a functi on of

Li;fit
spa (DL) = Ai � e(Bi�Ci�DL) (E.6)

where Ai, Bi, and Ci are f reeparameters:
A1 = 2 . 836 , B1 = 5. 5 94,C1 = 2 . 107
A2 = 5 . 4 0 6�1 0�1, B2 = 7 . 1 7 6 ,C2 = 2 . 0 8 7
A3 = 2 . 7 0 5�1 0�1, B2 = 7 . 6 0 8 ,C2 = 1 . 8 5 0( f o rDL � 2:5 0 2 m)
A3 = 2 . 7 0 5�1 0�1, B2 = 5 . 0 7 1 ,C2 = 0 . 8 3 6( f o rDL � 2:5 0 2 m)
A4 = 6 . 6 0 7�1 0�2, B2 = 8 . 1 7 5 ,C2 = 1 . 3 0 1( f o rDL � 3:6 3 5 m)
A4 = 6 . 6 0 7�1 0�2, B2 = 5 . 7 0 6 ,C2 = 0 . 6 2 2( f o rDL � 3:6 3 5 m)
A5 = 1 . 0 7 5�1 0�2, B2 = 9 . 1 8 7 ,C2 = 0 . 9 0 2( f o rDL � 5:2 0 1 m)
A5 = 1 . 0 7 5�1 0�2, B2 = 7 . 2 8 8 ,C2 = 0 . 5 3 7( f o rDL � 5:2 0 1 m)
A6 = 2 . 8 3 4�1 0�3, B2 = 9 . 8 4 3 ,C2 = 0 . 7 1 3( f o rDL � 5:4 7 0 m)
A6 = 2 . 8 3 4�1 0�3, B2 = 7 . 8 1 3 ,C2 = 0 . 3 4 2( f o rDL � 5:4 7 0 m)

F i n a ll y,

LDL
s p a(DL;Re s Q) =

6X

i=1

Li ; fi t
s p a��(Re s Q�Re s Qi) ��(Re s Qi+1 �Re s Q) ( E. 7 )

i so b t a i n e d ,wh e r et h es u b s c r i p ti r e p r e s e nt so n eo f s i xRe s Qr e g i o n s :Re s Q1 = 0 ,Re s Q2 =
2:5 � 1 04[p: e :], Re s Q3 = 5:0 � 1 04[p : e :] ,Re s Q4 = 1:0 � 1 05[p : e :] ,Re s Q5 = 5:0 � 1 05[p : e :] ,
Re s Q6 = 1:0� 1 06[p : e :] ,Re s Q7 = 1:0� 1 06[p : e :] .
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E.2.2 Lspa(DT )

A DT distribution( Ts�correlated(DT ) ) is made for pairs of spatially-correlated( DL < 3m )

low-energy( Neff � 50 ( � 8MeV ) ) ev ent before the spallation cut and the preceding muon,

as are sho wn Fig.E.3. Then, probabilit y functions PDT
spa (DT ) and PDT

non�spa(DT ) becomes:

Figure E.3: DT distributions. Typical nucleus lifetime are supp osed in eac h time

region; 0�0.1sec: 12
5 B(80%), 12

7 N(20%), 0.1�0.8sec: 9
3Li(100%), 0.8�4sec: 8

3Li(90%),
15
6 C(10%),

4�15sec: 16
7 N(100%), 15�100sec: 11

4 Be(100%). Lo west-righ t-�gure represen ts whole time range

PDT
spa (DT ) = Ts�correlated(DT ) (E.8)

PDT
non�spa(DT ) = 1 (E.9)

It should be noted that the PDT
non�spa(DT ) distribution is supp osed to be a constan t(=unit y).

Then, Lspa(DT ) is obtained by making a �t to the function
PDT
spa (DT )

PDT
non�s p a(DT )

= Ts�correlated(DT ) ,

assuming a linear com bination of exp onen tial functions of DT

Lspa(DT ) =
7X

i=1

Ai

�
1

2

� DT
T
1=2;i

; (E.10)

where Ai is a free parameter and T1=2;i is a �xed half-life of 7 typical radio activ e isotop es:

A1 = 33900, T1=2;1 = 0.0110sec ( 12
7 N )

A2 = 120100, T1=2;2 = 0.0203sec ( 12
5 B )
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A3 = 338.6, T1=2;3 = 0. 178 sec( 9
3Li )

A4 = 1 254,T1=2;4 = 0 . 8 4 s e c( 8
3L i )

A5 = 1 3 4 . 7 ,T1=2;5 = 2 . 4 4 9s e c( 15
6 C )

A6 = 6 7 6 . 1 ,T1=2;6 = 7 . 1 3 4 s e c( 16
7 N )

A7 = 7 . 7 9 1 ,T1=2;7 = 1 3 . 8 3 s e c( 11
4 Be )

One n oti c e sa cha ra c t e r i s t i cnuc le u sl i fet i mei ne a ch DL r e gi o n ,a si ss h own i nFi g . E. 3 .

E.2.3 LResQ
spa (ResQ)

A ResQ di s t r i bu t i o n (Qt�correlat ion(Re s Q) ) i sma d ef o rpa i r so ft i me -c o r r e l a t e d (DT < 0:1s e c

) l ow- e n e r g y(Neff > 5 0 (8 Me V) ) e ve nt s ,be f o r et h es p a l l a t i o nc u ta n dt h ep r e c e d i n gmu o n ,

a si ss h own i nF i g . E. 4 .Th e na n o t h e rRe s Qd i s t r i b u t i o n (Qnon�spa(Re s Q) ) i sma d ef o rp a i r so f

0 1000 2000 3000

p.e.x10
3ResQ(spa)

0 1000 2000 3000

p.e.x10
3

ResQ for Normal Muon

x(
7.

12
x1

0 
  )-4

Fi g u r eE. 4 :Re s Qd i s t r i b u t i o n sf o rs p a l l a t i o nmu o n s ( u p pe r )a n df o ru n - b i a s e dmu o n s ( l owe r ) .

u n c o r r e l a t e de ve nt a n da r e a lc o s mi c - r ay mu o nr e c o n s t r u c t e dby mu o n�t t e r (s e eAp pe n d i x. D

) ,a si sa l s os h own i nF i g . E. 4 .

Th ep r o b a b i l i ty f u n c t i o n sPResQ
spa (Re s Q) a n dPResQ

non�spa(Re s Q) a r ec a l c u l a t e da sf o l l ows :

PResQ
spa (Re s Q) = Qt�correlat ed(Re s Q)�Qnon�spa(Re s Q) ( E. 1 1 )

P
ResQ
non�spa(Re s Q) = Qnon�spa(Re s Q) ( E. 1 2 )

Co n s e qu e nt l y, Lspa(Re s Q) i so b t a i n e dby ma ki n ga � t t ot h ef u n c t i o n
PResQ
spa (ResQ)

PResQ
non�spa(ResQ)

s h own i n

F i g . E. 5 ,a s s u mi n ga 4t h- po l i n o mi n a la n d2t h- po l i n o mi n a lf u n c t i o no fRe s Q:

Lspa(Re s Q) =

� P4
i=0Ai(Re s Q)

i Re s Q< 5:0� 1 05P2
i=0 Ai(Re s Q)

i Re s Q� 5:0� 1 05
( E. 1 3 )
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where Ai is free parameter:

f orResQ < 5:0� 105

A0 = 1:507 � 10�4, A1 = 7:138 � 10�9, A2 = 9:987 � 10�14

A3 = �1:307 � 10�19, A4 = 6:407 � 10�26

f or Re s Q� 5:0� 105

A0 = �2:644 � 10�2, A1 = 7:086 � 10�8, A2 = �3:661 � 10�15

500 1000 1500 2000 2500 3000

Fi gureE.5: Lspa(Re s Q) di stri buti ons..

E.2.4 How to �nd a pairing muon

The spall ati on l i kel i hood i s cal cul ated for a pai r of l ow-energy event and precedi ng muon

candi date. The candi date muons are traced bac k to 100sec before the l ow energy event. Then,

a pai r whi c h gi ves the maxim um l i kel i hood( Lspa(DL;DT;Re s Q) ) i s sel ected. There are 2

di �erent set of spal l ati onl i kel i hood di stri buti ons; one for wel l �t muons and the other f or un�t

muons( See Chapter.D ), as are shown i nFi g. E. 6.

E.3 Dead time due to the spall ati oncut

To estimate dead time whi c h comes f rom the spal l ati oncut, a \Random sampl e" i s used.

To generate thi s sampl e, one col l ectsvery l ow-energy events( N50 < 25 hi t and Neff < 30 hi t(

� 5MeV )) roughl y every 10 second, and randomi ze thei r vertex poi nt arti �ci al l y. They are

supp osed to be caused by �- rays f rom radon decays i nthe water or 
- rays f rom the surroundi ng

rock. Hence, thi s sampl e assumedl y have no correl ati onwi th cosmi c-ray muons.
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Figure E.6: spallation likeliho od distributions for �t muons(upp er) and for un�t muons(lo wer),

together with the exp ected distributions from a random-timing sample. In eac h �gure, the solid

line represen ts real data, and the dashed line represen ts random timing sample. As is seen in

the lower �gure, there is no signi�can t di�erence between the two distributions. Accordingly

the spallation cut using un�t muon causes a large dead-time.
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The cut is determi nedso as to maximi ze \Si gni �cance" de�ned below:

Significance �

1� deadtimep
remaining

; (E.14)

where \dead-time" i s dead-time estimated by the random sampl e, and \remai ni ng" i s the re-

mai ni ng number of real events.

Fi gure E. 7 shows two-dimensi onal di stri buti onof dead time and si gni �cance. Fi nal l y, the cut

Fi gure E. 7: Dead-time vs Si gni �cance. The hori zontal axi s i s dead time i nuni t of %, estimated

by a random sampl e, and the verti cal axi s i s signi�canc e de�ned i nEq. E. 14.

i nLi kel i hood i s set at 1. 06( �t muon ) and 0. 92 ( un�t muon) where dead time becomes 19. 5%.
Furthermore, event vertex posi ti ondependence of dead-time i ntroduced by the spal l ati oncut

i s studi ed. In Fi g E. 8, dead time estimated at several posi ti ons i s shown. The di �erence i n 8B

neutri no 
ux between a constant dead time of 19. 5% and the posi ti ondependen t dead-time i s

about 0. 05%. The time vari ati onof the dead-time i s al so estimated to be �0:5%. .
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Figure E.8: Position dep endence of dead-time. The horizon tal axis is distance from top(barrel)

of the detector in the left(righ t) �gure. The vertical axes are dead time.
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Appendix F

Energy Determinati on

In a low energy r egion(�10MeV), the number of hi tPMTs i sus edt o cal cul at et he ener gy

of an event . A r ecoi le l ec t r ons cat t er edby a 8B s ol arneut r i nogi ves typi cal l y10MeV equi val ent

of ener gydepos i ti nt he Super -Kami okande det ect or .The hi tPMTs ( 45 hi t sat 10MeV i nt he

cent erof det ect or )det ect smos t l ya s i ngl ephot oe l ec t r ons i gnal .The ener gyi sappr oxi mat e l y

pr opor t i onalt o t henumber of hi tPMTs . Ther e f or e ,t he number of hi tPMT( Nhit ) i sus edf or

ener gydet ermi nat i onaf t erappl yi ngs ome cor r ect i ons .

The cor r ect edNhi t i scal l edas Neff and i sde�nedby Eq. F. 1.I n t he Neff cal cul at i on,t he
number of hi tPMTs whi ch ar e i nc l udedi nt he 50 ns ect i mi ngwi ndow af t er�Cer enkov phot on

TOF 1 s ubt r act i on(N50 ) i sus ed.Then, t he de�ni t i onof Neff i sexpr es s edby

Neff =
N50X

i=1

"
Nall

Nali ve

�Rcover(�i; �i)� e
Li

� � fperi od(i)� (Xi + �t ai l� �dark)

#
( F. 1)

wher e Nall i st he t ot alnumber of PMTs i nt hedet ect orwhi ch i sequalt o 11146,Nali ve i sNall -

Ndead( appr oxi mat e l y100 ) , and t he ot herpar amet er swi l lbe des cr i bed one by one .

The �r s tt erm( Nall

Naliv e
) i nEq. F. 1i sa cor r ect i onf act orf ordeadPMTs .

The s econdt erm(Rc over(�i; �i) ) i nEq. F. 1i s i nver s eof t he phot o- det ect i onpr obabi l i ty of

each PMT. The de�ni t i onof �i and �i i sdes cr i bed i nFi g. F. 1.The Rc over(�i; �i) di s t r i but i onon

t he (�i; �i) pl anei ss hown i nFi g. F. 2.

The t hi r dt erm(e
Li

� ) i nEq. F. 1i sa cor r ect i onf act orf orl i ght at t enuat i oni nt hewat er .Li i s

di s t ancebetweent hever t expoi nt and t he i - t hPMT. � i st he l i ght at t enuat i onl engt h.For t hi s

cor r ect i on,l i ght at t enuat i onl engt hmeas ur edby �- decay e l ect r onsi sempl oyed( Sect i on. 4. 4. 2) .

The f our t ht erm( fperi od(i) ) i nEq. F. 1i sa cor r ect i onf act orf orgai nvar i at i onof PMT at

s i ngl ephot on- e l ec t r onl eve l .The gai ni sdependent on t hepr oduct i ont i meof each PMT whi ch

i sdes cr i bed i nSect i on. 4. 1. 2Then

fperi od=

(
0:833 old PMT ( 375PMTs)

1 ne wPMT ( 10771PMTs)
( F. 2)

The �f t ht erm( (Xi + �t ai l+ �dark) ) i nEq. F. 1i sa cor r ect i onf act orf ort he number of hi t

PMTs .

1Time Of Flight

xxxi



θi

photon

i-th PMT

φ
i

(a) Definition of θi (b) Definition of φ
i

photon

i-th PMT

Figure F.1: De �ni ti ono f �i and �i f o rpho t o -cove r a g ec o r r e c t i o n.

0
10

20
30

40
50

60
70

80
90

0
10

20
30

40
50

60
70

80
90

0.5

0.6

0.7

0.8

0.9

1

φ

θ

co
ve

ra
ge

Fi gur eF. 2:Rcover(�i; �i) di st r i but i o non t he(�i; �i) pla ne

xxx i i



Xi is the expected number of photo electrons detected by i-th hi t PMT. Thi s i s estimated

usi ng the number of hi t PMTs nei ghbori ng the i- th PMT. The de�ni ti on of Xi i s

Xi =

(
�i

xi
=

log 1

1�xi

xi
xi < 1

3 xi = 1
(F. 3)

where xi i s the rati o of the number of hi t PMTs to number of l i ve PMTs i n the nei ghbori ng

PMTs around the i -thhi t PMT( typi cal l y 9 � nei ghbori ng 8 PMT + i -thPMT ), and �i i s a

mean val ue whi c h gi ves a Poi sson di stri buti onsati sf yi ngthe fol l owi ng equati on,

P0 =
�0i � e��i

0!
= 1� xi (F. 4)

�tail i s a correcti on factor f or del ayed hi ts ori gi nati ng f rom l i ght re
ecti on on the surf ace of

PMT and �dar k i s a correcti on factor f or dark noi se. The de�ni ti ons of them are:

�tail =
N100 �N50

N50

(F. 5)

�dar k =
Npmt �Ratedar k � 100nsec

N50

(F. 6)

where N100 i s the number of hi t PMTs i n100nsec time wi ndo w, and Rate dar tk i s the dark noi se

rate i n a run.

Based on a MC simul ati on, the correl ati onbetween Neff and generated energy of el ectron

events i s demonstrated i n Fi g. F. 3. Fi nal l y an event energy E i s appro ximated by the fol l owi ng

functi on of Nef f .

E = 0:74736 + 0:13551 �Nef f � 0:63038 � 10�4 �N2

ef f + 0:45283 � 10�6 �N3

ef f

�0:68723 � 10�9 �N4

ef f

� 0:74736 + 0:13551 �Nef f (F. 7)
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Figure F.3: The cor r e lati o nbe twe e nNeff andg e ne r a t e de l e c t r o ne ne r g yby a MC si mul a t i o n.

The l i nei s�t t e dby t he4t h-de g r e epo l ynomi a lfunc t i o n
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